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APPENDIX  IV:  Organic  inclusions  (e.g.,  lint)  produce  irregular-shaped  voids  observed  at  fracture  origins. 
These  voids  can  be  eliminated  from  a  powder  compact  by  a  presintering  processing  step:  organic  burn-out 
at  a  temperature  prior  to  bulk  shrinkage  and  iso-pressing  at  room  temperature.  This  procedure  was  demon¬ 
strated  for  the  case  of  voids  produced  by  polystyrene  spheres  (4  to  100  pm  diameter). 

APPENDIX  V:  A  preliminary  study  was  undertaken  to  determine  if  EDAX  spectra,  obtained  at  different 
magnifications,  might  be  used  to  define  the  phase  distribution  in  a  multiphase  material.  AI2O3/Z1O2  compo¬ 
sites  were  used  for  the  study.  EDAX  spectra  were  acquired  for  a  number  of  arbitrarily  selected  areas  at  each 
magnification  using  a  commercial  scanning  electron  microscope/x-ray  detector/multichannel  analyzer  system. 
A  statistical  analysis  of  the  spectra  showed  that  the  deviation  from  the  mean  phase  distribution  increased 
with  magnification.  These  results  showed  that  the  smallest  area  that  contained  the  same  phase  distribution 
as  the  whole  specimen  could  be  defined  if  one  first  defines  an  acceptable  deviation  from  the  mean.  Spectra 
acquired  for  die  same  area  suggest  that  an  acceptable  deviation  is  5%  of  the  mean.  Within  the  limits  of  multi- 
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PROGRAM  SUMMARY 


The  goal  of  this  work  is  to  identify  the  processing  flaws  that  limit 
the  strength  of  sintered  ceramics,  and  to  engineer  uniform  microstructures 
which  either  eliminate  or  minimize  the  size  of  these  processing  flaws.  During 
the  first  year,  a  major  advance  was  made  by  uncovering  the  fact  that  agglomer¬ 
ates  in  powders  produce  crack-like  voids  that  severely  limit  the  strength  of 
sintered  ceramics.  Crack-like  voids  produced  by  the  differential  sintering  of 


agglomerates  relative  to  their  surrounding  powderMnatrix  can  be  the  most  det¬ 
rimental  strength  degrading  flaw  in  sintered  ceramics.  As  detailed  and  sum¬ 
marized  in  the  review  prepared  for  a  1984  ASM  Conference  on  Materials  for  y 
Future  Energy  Systems,  colloidal  approaches  to  powderfprocessTng  and  consol i- 
dation  can  minimize  the  size  of  soft  agglomerates  (those  that  can  be  broken 
apart  with  surfactants)  and  hard  agglomerates  (eliminated  by  sedimentation  of 
colloidal  suspensions).  Work  has  shown  that  the  elimination  of  the  large, 
soft  agglomerates  with  surfactants  increases  the  average  strength  of  a  trans¬ 
formation  toughened  AI2O3/3O  v/o  Zr02  (2.5  v/o  Y203)  composite  from  550  MPa 
(80,000  psi)  to  930  MPa  (135,000  psi ). ^Decreasing  the  size  of  the  hard 
agglomerates  through  sedimentation  (supported  under  Rockwell  IR&D)  further 
increases  the  strength  to  1035  MPa  (150,000  psi).  At  this  strength  level, 
unusual  shaped  voids  left  by  organic  matter  (lint)  are  observed  at  fracture 
origins.  During  this  contract  year,  a  new  process  has  been  developed  to  elim¬ 
inate  the  void  space  produced  by  organic  matter  which  further  increases  the 
average  strength  to  1300  MPa  (190,000  psi).  One  specimen  (not  included  in 
this  average)  did  not  fail  after  exceeding  the  load  cell  limit  by  10%.  The 
tensile  stress  on  this  specimen  exceeded  2000  MPa  (300,000  psi). 


During  the  second  contract  year,  systematic  investigation  has  concen¬ 
trated  on  1)  the  stresses  that  arise  during  differential  shrinkage  due  to 
differential  Initial  bulk  density  (l.e.,  those  stresses  that  produce  the 
strength  degrading  crack-like  voids),  and  2)  the  control  of  grain  growth  witl).,.^ 
second  phases  (large  grains  are  fracture  origins).  T-r7-<cr:ir’' 
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As  detailed  In  Appendix  II,  the  stresses  arising  due  to  differential 
shrinkage  were  determined  experimentally.  Results  showed  (to  our  surprise) 
that  the  maximum  stress  arises  during  the  early  stages  of  sintering.  Stress 
relaxation  experiments  showed  that  despite  the  lower  differential  strain  and 
strain  rate  during  the  early  stage  of  sintering,  the  composite  was  much  more 
elastic,  leading  to  the  development  of  larger  stresses.  At  high  temperatures, 
the  relaxation  times  are  very  short  and,  thus,  stresses  can  quickly  relax  to 
zero.  These  results  have  major  Implications  in  sintering  agglomerated  pow¬ 
ders,  powders  with  differential  compositions  (e.g.,  multilayered  capacitors), 
and  sintered  powder/fiber  composites  by  pointing  a  direction  to  minimize  sin¬ 
tering  stresses  and  eliminating  crack-like  void  formation  produced  by  differ¬ 
ential  shrinkage. 

As  detailed  In  Appendix  III,  large  grains  are  fracture  origins  and 
must  be  eliminated  to  Increase  strength.  Use  of  a  second  phase  (SIC  in  AlzO-i) 
to  limit  grain  growth  and  increase  strength  (by  60%)  has  been  demonstrated 
(Appendix  I).  Theory  shows  that  despite  large  residual  stresses  developed 
during  cooling  due  to  differential  thermal  contraction.  Inclusions  will  not 
produce  strength  degrading  microcracks  if  their  size  is  less  than  a  critical 
size.  Thus,  inclusions  can  be  incorporated  Into  ceramic  microstructures  to 
limit  grain  size  without  Introducing  strength  degrading  microcracks.  The 
grain  growth  studies  detailed  in  Appendix  III  were  carried  out  with  different 
Al203/Zr02  composites.  The  principal  conclusion  of  this  work  was  that  grain 
growth  control  (avoidance  of  exaggerated  grains)  could  be  achieved,  providing 
all  (or  most)  of  the  four-grain  junctions  contained  an  Inclusion  that  hindered 
grain  growth.  This  condition  depends  on  the  size  and  volume  fraction  of  the 
Inclusion  phase,  and  on  the  uniformity  with  which  the  Inclusion  phase  is  dis¬ 
tributed.  This  work  has  strong  Implications  on  engineering  the  grain  size  of 
a  material  to  maximize  the  potential  strength  of  sintered  ceramics. 

During  the  current  (third)  contract  year,  systematic  effort  was  con¬ 
centrated  in  three  areas:  1)  the  elimination  of  voids  produced  by  organic 
inclusion,  viz.  one  Important  processing  related  flaw  populations,  2)  a  fea- 
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sibility  stutty  using  energy  dispersive  x-ray  spectra  to  quantify  the  uni¬ 
formity  of  phase  distribution  in  multiphase  ceramics,  and  3)  the  effects  of 
attrition  milling,  which  introduces  impurities  on  the  fabrication,  microstruc¬ 
ture  and  properties  of  transformation  toughened  Zr02. 

As  detailed  in  Appendix  IV,  organic  Inclusions  (e.g.,  lint)  produce 
irregular  shaped  voids  observed  at  fracture  origins.  These  voids  can  be  elim¬ 
inated  from  a  powder  compact  by  a  presintering  processing  step:  organic  burn¬ 
out  at  a  temperature  prior  to  bulk  shrinkage  and  iso-pressing  at  room  tempera¬ 
ture.  This  procedure  was  demonstrated  for  the  case  of  voids  produced  by 
polystyrene  spheres  (4  to  100  ^m  diameter). 

As  detailed  in  Appendix  V,  a  preliminary  stucly  was  undertaken  to  de¬ 
termine  if  EDAX  spectra,  obtained  at  different  magnifications,  might  be  used 
to  define  the  phase  distribution  in  a  multiphase  material.  Al203/Zr02  compos¬ 
ites  were  used  for  the  study.  EDAX  spectra  were  acquired  for  a  number  of 
arbitrarily  selected  areas  at  each  magnification  using  a  commercial  scanning 
electron  microscope/x-ray  detector/multichannel  analyzer  system.  A  statis¬ 
tical  analysis  of  the  spectra  showed  that  the  deviation  from  the  mean  phase 
distribution  Increased  with  magnification.  These  results  showed  that  the 
smallest  area  that  contained  the  same  phase  distribution  as  the  whole  specimen 
could  be  defined  if  one  first  defines  an  acceptable  deviation  from  the  mean. 
Spectra  acquired  for  the  same  area  suggest  that  an  acceptable  deviation  is  5% 
of  the  mean.  Hithln  the  limits  of  multi-element  detectability,  these  prelim¬ 
inary  results  strongly  suggest  that  this  EDAX  method  could  be  used  as  a  qual¬ 
ity  assurance  tool  throughout  the  processing  and  fabrication  of  a  multiphase 
material . 

As  detailed  in  Appendix  VI,  the  effect  of  attrition  milling  and  post¬ 
sintering  heat  treatment  on  the  fabrication,  phase  relations,  microstructure 
and  properties  of  Zr02  (+  2.2  v/o  Y2O3)  powder  used  to  produce  a  transforma¬ 
tion  toughened  material  were  examined.  Powder  used  to  fabricate  the  unmilled 
material  was  treated  and  consolidated  by  a  colloidal  method.  The  same  powder, 
treated  and  consolidated  by  the  same  method,  but  ball-milled  in  a  commercial 
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alumina  mill  before  consolidation,  was  used  to  fabricate  the  milled  material. 
Both  materials  were  sintered  at  1400 °C/1  h  and  then  heat  treated  at  higher 
temperatures.  Milling  introduced  AI2O3  inclusions  (<  1  vol%)  and  a  glass 
phase  (7  to  10  vol%).  The  milled  powder  was  more  difficult  to  sinter  and  ex¬ 
hibited  more  bloating  during  heat  treatment.  TEM  observations  indicated  that 
the  larger  glass  content  of  the  milled  material  beneficially  reduced  residual 
stresses  due  to  thermal  contraction  anisotropy.  A  limited  A1  solid-solubility 
In  the  IrOi  structure  was  suspected  to  cause  the  milled  material  to  enter  the 
two  phase  (tetragonal  and  cubic)  field  at  a  lower  heat  treatment  temperature 
than  observed  for  the  unmilled  material. 

Upon  entering  the  two-phase  region,  large  (presumably  cubic)  grains 
heterogeneously  nucleated  to  produce  a  bimodal  grain  size  distribution  which 
was  more  pronounced  on  the  surface  of  the  heat  treated,  milled  materials. 

Large  pores  produced  during  heat  treatment  in  the  two-phase  field  were  coordi¬ 
nated  by  larger  grains.  It  is  hypothesized  that  the  pores  were  produced  by 
the  release  of  high  pressure  oxygen  during  phase  decomposition  (t  t'  +  c). 

Both  fracture  toughness  (Kc)  and  hardness  of  dense,  as-sintered  mate¬ 
rials  were  unaffected  by  milling  (contamination  with  AI2O3  and  glass).  Hard¬ 
ness  decreased  with  bloating  and  the  decrease  was  more  pronounced  for  the 
milled  material.  The  tetragonal  to  monoclinic  transformation  was  spontaneous 
in  both  materials  after  heat  treating  In  air  at  250°C/16  h.  This  unwanted 
transformation  phenomena  was  not  observed  in  vacuum,  suggesting  it  is  caused 
by  a  reactant  present  in  air. 
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PROGRAM'S  CONTRIBUTION  TO  STUDENT  DEVELOPMENT 

Two  university  students  were  supported  under  the  current  AFOSR  pro¬ 
gram:  Mr.  Bruce  Kellett,  a  graduate  student  In  the  Materials  Engineering  De¬ 
partment  at  UCLA,  took  part  in  the  program  to  determine  the  sintering  stresses 
due  to  different  sintering  (see  Appendix  II).  This  work  is  his  M.S.  thesis 
topic.  He  has  been  accepted  to  go  on  for  his  Ph.D.  Dr.  F.F.  Lange,  an 
Adjunct  Professor  at  UCLA,  is  his  advisor. 

Miss  Margaret  Hirlinger,  an  undergraduate  student  in  the  Physics 
Department  at  MIT,  took  part  in  the  grain  growth  studies  (see  Appendix  III) 
during  the  summer  of  1982  and  the  EDAX  study  (see  Appendix  V)  during  the  sum¬ 
mer  of  1983.  She  Is  an  outstanding  young  student  who  we  are  encot  “aging  to 
continue  her  expertise  In  Materials  Science.  She  will  be  working  with  us 
again  this  summer. 
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Structural  Ceramics:  A  Question  of  Fabrication  Reliability 


F.  F.  Lange 

Rockwell  International  Science  Center 
Thousand  Oaks,  California  91360 


ABSTRACT 

Structural  csramlcs  baaed  on  alllcon  nitride, 
allicon  carbide  and  transformation  toughened 
circonluB  oxide  are  potential  candidatea  for 
advanced  heat  engines.  Flaw  populatlona.  In¬ 
troduced  during  proceaalng,  currently  Halt 
their  reliability.  Proceaalng  atepe  retpon- 
alble  for  common  flau  populatlona  will  be 
dlacueeed.  It  will  be  ahown  that  new  procea¬ 
alng  atepa,  baaed  on  colloidal  powder  treat¬ 
ments,  cowblned  with  aecond  phase  engineering 
can  Increaae  fabrication  reliability. 


CERAMIC  HEAT  ENGINES  have  been  under  atudy  and 
tearing  for  wore  than  20  yeara.  Earnest  work 
in  the  United  States  on  advanced  gas  turblnea 
Initiated  In  the  late  60'a  at  Ford  with  the 
use  of  reaction-bonded  silicon  nitride  (SI3NO 
for  critical  coaponenta  such  as  cowbuatlon 
chaabers  and  stator  vanes,  and  at  Meetinghouse 
in  1968  with  hot-pressed  SI3N1,,  first  commer- 
clallzed  in  the  U.S.  by  Horton,  for  the  tast¬ 
ing  of  stator  vanes  In  huge  powder  generating 
turbines.  This  U.S.  work  reinitiated  prograas 
In  Britain,  where  both  reaction-bonded  and 
hot-pressed  SI3K,  were  Invented,  and  initiated 
heat  anginas  and  structural  ceraaic  prograas 
In  Geraany ,  Japan,  9weden,  Franca,  Italy, 
China,  and  aore  than  likely,  the  Soviet  Union. 
In  the  lata  70's,  aaphasls  was  shifted  froa 
gas  turbines  to  adiabatic  diesels  with  less 
stringent  requlreaents  (lower  teaperatures, 
lower  etreesea,  fewer  coaponenta,  etc.)  and 
greater  apparent  payoff. 

The  cyclic  temperature  operation  of  beat 
engines  and  the  nonductlle  (nonstreaa  reliev¬ 
ing)  behavior  of  ceramics  over  a  wide  tempera¬ 
ture  range  requires  that  candidate  ceramics  be 
chosen  to  best  minimise  thermal  stresses,  vis. 
ceramics  with  low  thermal  expansion,  low  elas¬ 
tic  modulus,  high  strength  and  high  thermal 


conductivity.  The  else  of  the  component  and 
surface  heat  exchange  rates,  which  are  dic¬ 
tated  by  component  design  and  operation,  also 
govern  thermal  stresses.  Today,  candidates 
which  best  meet  these  property  requlreaents  at 
temperatures  >  800*C  are  ceramics  based  on 
cither  alllcon  nitride  (SI3H1,)  or  silicon  car¬ 
bide  (SIC).  Since  both  require  second  phase 
additions  to  fabricate  dense  shapes  froa  pow¬ 
ders,  both  are  polyphase,  polycrystalline 
materials. 


Properties,  particularly  those  of  SlsN,, 
depend  on  the  choice  of  the  denslf lcatlon  aid 
which,  combined  with  Impurities,  govern  the 
Chemistry  and  content  of  the  second  phases. 

The  attributes  of  aach  material  class  (SlsNi, 
vs  SIC)  depends  on  the  application.  SI3H,  has 
a  smaller  thermal  expansion  coefficient 
(Bsi3N«  "  3  *  io“‘/*c  vs  «S1C  - 
4.2  x  10”6/*C),  a  smaller  elastic  modulus 
(Egijj^  “  300  GPa  vs  Egic  "  420  GFa)  which 
better  minimize  thermal  stress  for  extreme 
conditions,  and  a  higher  potential  for 
strength  due  to  Its  larger  fracture  toughness 


c(Sl3ft, 


)  ■  4  to  6  MPa»nl/J  vs  Kc(gic)  ”  3  t0 


4  (Fa'a1^).  SIC,  on  the  other  hand,  has  a 
much  higher  thermal  conductivity  which  can 
better  minimise  thermal  stresses  for  less 
severe  conditions  (smaller  or  thin  walled 
components  and  low  surface  heat  exchange  rate 
coefficients),  and  does  not  exhibit  signifi¬ 
cant  property  degradation  until  much  higher 
(»  1J00*C)  temperatures  relative  to  SI3N, 

(»  1250*C).  For  these  reasons,  critical  gas 
turbine  components  (vanes,  rotors,  combustors, 
etc.)  used  for  testing  are  manufactured  from 
either  SI3N4  or  SIC.  bow  expanding,  glass- 
eeramlc  compositions  are  used  for  lower  tem¬ 
perature  components  (flow  psth  containment, 
heat  exchangers,  ate.). 

The  need  for  low  thermal  conducting  mate¬ 
rials  for  current  adiabatic  diesel  designs  Is 
In  direct  conflict  with  candidate  materials 
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which  best  minimize  thermal  stresses.  The 
theraal  conductivity  of  current  SI3N1,  and  SIC 
materials  is  equal  or  greater  than  that  for 
case  iron.  Here,  zirconium  dioxide  (Zr02>, 
which  is  an  exceptionally  poor  theraal  con¬ 
ductor,  la  emerging  as  a  prlae  candidate,  des¬ 
pite  the  fact  that  its  theraal  expansion  is 
~  3  times  that  of  SI3N1,,  and  therefore  devel¬ 
ops  greater  thermal  stresses  The  Zr02  mate¬ 
rials  under  investigation  take  advantage  of  a 
relatively  new  phenomenon  called  transforma¬ 
tion  toughening  that  results  in  high  fracture 
toughness  (K  »  6  to  12  MPa«m1/2  at  room  tem¬ 
perature)  and  therefore  high  potential 
strengths. 

Ceramic  heat  engine  programs  have  produced 
many  positive  results.  Design  engineers,  who 
have  been  forced  to  work  with  materials  engi¬ 
neers  due  to  the  lack  of  formal  education  in 
brittle  material  design,  have  discovered  new 
design  concepts  to  minimize  stress  concentra¬ 
tion  within  comonents  and  contact  stresses  be¬ 
tween  components  which  have  led  to  failure. 
Full  ceramic  engines  have  run  for  short  pe¬ 
riods  at  temperatures  where  metal  engines 
would  not  survive.  Individual  components  have 
survived  for  extended  periods.  Material 
scientists  have  developed  relations  between 
fabrication,  composition,  microstructure  and 
properties  which  have  led  to  improved  mate¬ 
rials  and  less  costly  fabrication  methods. 
Although  Improved  designs  and  materials  are 
still  needed  for  commercial  realization  of 
ceramic  heat  engines,  the  current  major  prob¬ 
lem  resides  with  the  unpredictable  strength  of 
the  ceramic  Itself,  leading  to  the  unpredict¬ 
able  failure  of  similar  components  tested 
under  similar  conditions. 

It  is  widely  acknowledged  that  the  unreli¬ 
able  structured  behavior  of  ceramic  components 
and  specimens  is  due  to  the  large  variation  of 
pre-existing  flaw  types  and  sizes.  Strength 
(o)  is  proportional  to  the  material's  fracture 
toughness  (resistance  to  crack  extension)  as 
measured  by  the  critical  stress  factor,  K  , 
and  the  size  (c)  of  the  largest  pre-existing 
crack  (or  flaw): 


o  a  _  • 

/c 

Experimental  and  analytical  methods  based 
on  Welbull  statistics  have  been  developed  in 
an  attempt  to  treat  the  'unpred testable' 
strength  of  ceramics.1  These  methods  Involve 
an  analysis  of  fracture  data  to  obtain  statis¬ 
tical  parameters  which  characterize  the  mate¬ 
rial's  failure  probability.  These  statistical 
parameters  are  used  to  design  components  under 
known  loads,  and  thus  stress  distributions  to 
obtain  exeeptable  survival  probabilities.  Un¬ 
fortunately,  inconsistent  fabrication  proce¬ 
dures  result  in  large  variations  in  the  'char¬ 
acteristic'  statistical  parameters,  viz. 
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parameters  obtained  from  one  batch  of  material 
may  not  characterize  the  next  batch. 

Overload  proof  testing  procedures  and 
analysis  that  Incorporate  time  dependent 
strength  phenomena  have  also  been  developed  to 
insure  component  survival.2  These  te6ts  are 
not  only  costly,  but  may  not  mimic  operating 
stress  distributions  with  sufficient  accuracy 
to  Insure  survival  under  real,  operating  con¬ 
ditions.  Programs  aimed  to  develop  nondes¬ 
tructive  evaluation  methods  to  identify  the 
small,  strength  limiting  flaws  in  ceramics 
have  not  made  sufficient  progress  to  be  used 
in  the  foreseeable  future  for  either  accepting 
or  rejecting  ceramic  components. 

The  ceramics  community  recognizes  that 
flaw  pupulatlons  in  virgin  ceramic  components 
are  in  someway  related  to  lnhomogeneltles  In¬ 
troduced  during  fabrication.  All  ceramics  are 
fabricated  by  sintering  preformed  powder 
shapes  by  inducing  mass  transport  at  high  tem¬ 
peratures  to  eliminate  void  space.  Flaw  popu¬ 
lations  must  be  related  to  lnhomogeneltles 
Introduced  during  the  different  steps  In  this 
process,  viz.  powder  manufacture,  powder  proc¬ 
essing,  powder  consolidation  to  shape,  sinter¬ 
ing  and  subsequent  machining.  The  average 
size,  size  distribution  and  types  of  inhomo- 
genelty  Introduced  during  each  fabrication 
step  will  determine  the  average  strength  and 
strength  distribution.  It  can  be  concluded 
that  the  poor  reliability  of  current  ceramics 
is  primarily  due  to  the  unpredictable  distri¬ 
bution  of  lnhomogeneltles  Introduced  during 
fabrication.  Namely,  the  structural  relia¬ 
bility  of  ceramics  is  a  problem  of  fabrication 
reliability. 

Identification  of  the  fabrication  steps 
producing  strength  degrading  lnhomogeneltles 
and  the  changes  in  fabrication,  and/or  micro¬ 
structure  required  to  eliminate  the  lnhomoge¬ 
neltles  (or  reduce  their  size)  Is  critical  to 
improving  the  structural  reliability  of 
ceramics.  Such  a  program  has  been  initiated 
at  Rockwell's  Science  Center.  Different  flaw 
populations,  observed  at  fracture  origins, 
have  been  related  to  lnhomogeneltles  Intro¬ 
duced  by  different  processing  steps.  New  fab¬ 
rication  procedures  have  been  identified  which 
either  eliminate  or  reduce  the  size  of  the  In- 
homogeneitles,  and  therefore  their  correspond¬ 
ing  flaw  populations.  These  new  fabrication 
procedures  not  only  lead  to  higher  strengths, 
but  also  uncover  the  next  flaw  population  to 
be  tackled  by  innovative  fabrication 
procedures. 

The  following  sections  will  summarize  five 
common  flaw  populations  (crack-like  voids 
produced  by  agglomerates,  voids  left  by  or¬ 
ganic  matter,  inclusions,  large  grains  and 
surface  cracks),  how  they  are  Introduced  dur¬ 
ing  fabrication,  and  new  fabrication  methods 
of  minimizing  their  effect  on  potential 
strength. 
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CRACK-LIKE  VOIDS  PRODUCED  BY  AGGLOMERATES3 
-  Agglomerates  are  common  to  all  powder  proc¬ 
essing  routes.  They  can  be  classified  as 
either  soft,  i.e.,  particles  held  together  by 
Van  der  Walls  forces  which  can  be  broken  apart 
with  surfactants,  or  hard,  i.e.,  partially 
sintered  groups  of  particles  which  require 
attrition  to  dismember.  All  dry  powders  con¬ 
tain  soft  agglomerates.  Hard  agglomerates  are 
common  to  powder  manufacturing  routes  that  in¬ 
volve  heating  to  decompose  an  oxide  precursor. 
Some  processing  routes  (spray  drying)  pur¬ 
posely  form  large  agglomerates  to  produce  a 
flowable  'powder'  for  dry  pressing. 

It  has  been  shown  that  agglomerates  are 
retained  when  powders  are  consolidated  to  the 
desired  shape  prior  to  sintering.  During  sin¬ 
tering,  the  agglomerate  can  shrink  differently 
from  one  another  and/or  their  surrounding  pow¬ 
der  matrlce.  The  differential  shrinkage  of 
the  agglomerate  relative  to  its  surrounding 
matrix  can  produce  a  crack-like  void.  The 
crack-like  void  can  either  extend  radially 
from  the  agglomerate  for  the  case  where  the 
matrix  undergoes  a  greater  shrinkage,  or  ex¬ 
tend  circumferentially  for  the  case  where  the 
agglomerate  undergoes  greater  shrinkage.  Fig¬ 
ure  1  illustrates  an  example  of  a  circumferen¬ 
tial  crack-like  void  produced  by  the  greater 
shrinkage  of  a  Zr02  hard  agglomerate  in  a  two 
phase,  transformation  toughened  AljOj/ZrC^ 
matrix. 
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duced  during  slntrlng  by  a  Zr02  hard  agglom¬ 
erate  in  a  AI2O3 /Zr02  composite. 

The  crack-llke  voids  can  be  eliminated  (or 
reduced  in  size)  by  two  methods.  First,  the 
crack-llke  voids  present  in  the  near  theoret¬ 
ically  dense  (>  98%)  bodies  can  be  closed  by 
hot  gas  lsostatic  pressing  (HIPIng).  HIP 
treatment  can  significantly  Increase  the 
strength  of  a  Al20j/Zr02  sintered  body  (900 
MPa  for  sintered  to  875  MPa  for  sintered  and 
HIP'ed). 


The  second  approach  is  more  fundamental  to 
processing  science. “*  It  involves  dispersing 
the  powder(s)  in  a  liquid  containing  a  surfac¬ 
tant  which  eliminates  the  soft  agglomerates 
and  consolidating  the  powder  from  the  slurry 
state  to  form  the  desired  engineering  shape, 
which  is  dried  and  sintered.  The  colloidal 
route  can  also  be  used  to  obtain  uniform  dis¬ 
persions  of  two  or  more  phases.  Hard  agglom¬ 
erates  cannot  be  broken  apart  with  surfac¬ 
tants.  The  colloidal  route  can  still  be  used 
to  eliminate  hard  agglomerates  greater  than  a 
given  size  by  sedimentation.  Using  the  col¬ 
loidal  route,  both  single  phase  transformation 
toughened  (TT),  tetragonal  Zr02  (+2.2  m/o 
Y2O3),  and  two  phase  TT  AI2O3  v/o  ZrOi 
(+2.2  m/o  Y2O3)  have  been  sintered  to 

>  0.98  p,  to  result  in  a  mean  strength 

>  1000  MPa  (150,000  psi).  Fracture  origins  In 
these  stronger  materials  are  no  longer  crack¬ 
like  voids  due  to  agglomerates,  but  voids  pro¬ 
duced  by  organic  contaminants,  such  as  lint. 

VOIDS  PRODUCED  BY  ORGANIC  INCLUSION’S  - 
Organic  inclusions  (lint,  hair,  etc.)  are  com¬ 
monly  found  in  powders;  clean  rooms  are  Inef¬ 
fective  when  powders  are  shipped  from  the 
manufacturer  containing  organic  inclusions. 
Such  inclusions  pack  with  the  powder  during 
consolidation  and  leave  irregular  shaped  voids 
when  they  bum  out  during  sintering.  These 
irregular  shaped  voids  are  found  at  fracture 
origins  and  are  therefore  a  common  flaw  popu¬ 
lation.  Figure  2  illustrates  such  an  irregu¬ 
lar  void  produced  by  a  cellulose  fiber  which 
commonly  leaves  a  residual  skeletal  ceranic 
backbond  within  the  void. 


Fig.  2  -  Long  void  located  at  a  fracture  ori¬ 
gin  in  transformation  toughened  Al2<>3/Zr02 
(30  v/o)  produced  by  the  burn-out  of  lint 
(organic  matter). 

One  method  for  eliminating  such  voids  is 
simply  to  bum  out  the  organic  matter  at  a  low 
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temperature,  cool  to  roots  tempera  cure,  lso- 
press  the  powder  compact,  and  then  sinter. 
Iso-pressing  after  burn-out  and  before  sinter¬ 
ing  can  eliminate  the  void  produced  by  the 
organic  inclusions  and  further  Increase  the 
average  strength  of  transformation  toughened 
Zr02  from  1050  MPa  (152,000  psi)  to  1300  MPa 
(185,000  psi). 

INCLUSIONS5  -  Large,  second  phase  Inclu¬ 
sions  are  commonly  observed  at  fracture  ori¬ 
gins,  as  shown  in  Fig.  3,  for  the  case  of  a 
SIC  Inclusion  in  dense  SI3N1,.  Such  inclusion 


Fig.  3  -  Fracture  surface  of  Si3N<,  (Norton, 
NC132)  showing  frature  origin  (a)  and  SIC 
inclusion  (b)  at  fracture  origin. 


are  usually  contaminates  Introduced  during 
powder  manufacture  and  processing.  Since  the 
thermal  expansion  and/or  elastic  properties  of 
the  Inclusion  are  different  than  the  matrix 
phase,  localized  stresses  develop  within  and 
around  the  inclusion  during  cooling  from  the 
fabrication  temperature  and/or  during  subse¬ 
quent  stressing.  The  distribution  of  these 
stresses  are  well  known  for  simple  Inclusion 
shapes,  viz.  spheres  and  ellipsoids.  The 
largest  tensile  stress  arises  at  the  Inclu¬ 
sion/matrix  Interface.  For  the  case  of  dif¬ 
ferential  thermal  contraction,  the  magnitude 
of  the  largest  tensile  stress  depends  on  the 
elsstlc  properties  of  the  two  phsses,  the 
change  in  temperature,  and  which  of  the  two 
phases  contacts  more  during  cooling. 

When  certain  conditions  are  net,  a  small 
preexisting  flaw  at  the  Inclusion/matrix  in¬ 
terface  can  extend  into  a  large  mlcrocrack, 
either  during  cooling  or  subsequent  stressing. 
Similar  to  the  agglomerate  problem  discussed 
above,  the  type  of  mlcrocrack  developed  de¬ 
pends  on  whether  the  inclusion  contracts  more 
than  the  matrix  (circumferential)  or  lest  than 
the  matrix  (radial).  Although  analyses  of 
this  problem  have  produced  many  subtle  and  in¬ 
teresting  conclusions,  the  major  conclusion  is 
that  the  conditions  for  mlcrocrack  formation 
not  only  depends  on  the  magnitude  of  the  max¬ 
imum  tensile  stress  and  the  size  of  the  pre¬ 


existing  flaw,  but  also  on  the  size  of  the  in¬ 
clusion.  That  is,  for  a  given  maximum  resi¬ 
dual  tensile  stress  (or)  microcracks  will  not 
form  during  cooling  if  the  Inclusion  is  less 

than  a  critical  size,  R°. 

Analyses  concerning  the  effect  of  an 
added,  applied  tensile  stress  are  more  re¬ 
cent.  Again,  the  principal  conclusion  is  that 
the  inclusion  size  also  governs  the  formation 
of  a  mlcrocrack  under  residual  and  applied 
tensile  stresses.  That  is,  if  the  inclusion 
is  too  small  to  produce  a  mlcrocrack  during 

cooling  (R  <  R°),  then  a  mlcrocrack  can  be 

produced  at  an  applied  stress  (oa)  dependent 
on  the  inclusion  size: 

R  >  RC  ■  R“ F  • 
r 

where  the  function  F  (oa/or)  is  <  1  and  de¬ 
pends  on  the  type  of  crack  (e.g. ,  circumfer¬ 
ential  or  radial). 

These  results  are  Important  to  the  fabri¬ 
cator  who  must  guard  against  strength  degrad¬ 
ing  inclusions.  The  results  tell  the  fabri¬ 
cator  that  despite  the  possibility  of  large 
residual  stresses,  inclusions  will  not  produce 
any  strength  degradation  at  a  given  applied 
stress  if  their  size  is  <  R  .  Here  again, 
colloidal  dispersion  and  sedimentation  can  be 
used  to  eliminate  inclusions  greater  than  a 
given  size. 

The  above  results  are  also  important  to 
those  who  would  want  to  design  new  materials 
for  new  properties  by  producing  composites  of 
two  (or  more)  compatible  phases  (e.g.,  to 
achieve  a  desired  thermal  expansion,  etc.). 
That  is,  despite  large  differences  in  thermal 
and  mechanical  properties,  two-phase  compos¬ 
ites  can  have  mechanical  integrity  if  the  size 
of  the  second  phase  is  less  than  a  critical 
value. 

CONTROL  OF  CRAIN  SIZE  -  Binodel  and  large 
grain  size  microstructures  must  be  avoided  to 
obtain  high  strengths.  Large  single  grains 
within  a  fine  grain  matrix  are  common  fracture 
origins.  It  is  also  well  known  that  average 
strength  is  inversely  proportional  to  the 
average  grain  size.  Similar  to  the  case  of 
inclusions  discussed  above,  localized  stresses 
arise  within  and  around  grains  due  to  thermal 
expansion  and  elastic  anisotropy.  The  condi¬ 
tions  for  mlerocracking  in  single  phase  polv- 
crystalllne  ceramics  are  similar  to  those  of 
inclusions.  That  is,  a  critical  grain  size 
exists  for  spontaneous  mlerocracking  during 
cooling.  Spontaneous  microcracking  occurs  in 
single  phase,  polycrystalline  AI2O3  with  an 
average  grain  size  >  80  pm.  For  materials 
exhibiting  a  much  greater  thermal  expansion 
anisotropy,  e.g.,  MgTi20*6  and  NbjOs,*  the 
critical  grain  size  is  <  5  pm.  Similar  to  the 
inclusion  case,  an  applied  stress  will  reduce 
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the  critical  grain  alee  required  for  aponta- 
neous  mlcrocracklng.  Control  of  grain  growth 
la  therefore  required  for  aechanlcal 
Integrity. 

It  la  well  known  that  control  of  grain 
growth  can  be  achieved  with  the  addition  of  a 
chealcally  coapatlble  aecond  phase.  As  dis¬ 
cussed  In  the  previous  section,  two  phase 
coaposltes  can  be  designed  to  avoid  mlcro- 
cracking.  Figure  4  Illustrates  the  strength¬ 
ening  that  can  be  achieved  for  AI2O3  with 


Fig.  4  -  Flexural  atrength  of  AI2O3/SIC 
coaposltes  vs  voluae  fraction  and  size  of  SIC 
particulates. 

additions  of  SIC  with  an  average  particle  size 
of  4  pa.8  Despite  the  large  differential 
theraal  expansion  CuaijOj  •  8  x  10”8/*C, 

“SIC  "  *  10~8 /‘CT.^saall  additions  (1  v/o 

to  8  v/o)  of  the  4  pa  SIC  can  decrease  the 
average  grain  size  froa  ~  30  pa  to  ~  5  pa  to 
Increase  the  average  strength  by  a  factor  of 
1.6. 

Recent  results8  Indicate  that  the  second 
phase  Is  aost  effective  when  located  at  four- 
grain  junctions,  viz.  it  costs  aore  energy  to 
relocate  the  Inclusion  within  a  grain  froa  a 
four-grain  junction  than  a  two-grain  junc¬ 
tion.  Grain  growth  of  the  aajor  phase  will 
therefore  be  controlled  by  the  nuaber  of  four- 
grain  junctions  filled  by  the  second  phase. 
Thus  the  second  phase  size  distribution,  vol¬ 
uae  fraction  and  unlforalty  of  distribution 
are  critical  paraaeters.  Figure  5  Illustrates 
the  average  Al^Os  grain  size  and  the  largest 
to  average  alze  ratio  in  various  AI2O3/ZTO2 
coaposltes  as  s  function  of  teaperature.  At 
higher  teaperaturee ,  grain  growth  control 


Fig.  5  -  AI2O3  average  grain  size  (a)  and 
ratio  of  largest  to  average  size  (b)  for  a 
series  of  Al203/Zr(>2  coaposltes  vs  heat 
treataent  temperatures  (2  hrs). 

required  Zr02  voluae  fractions  >  0.075  for  the 
given  sizes  distribution  of  starting  powders. 
Note  that  1  v/o  Zr02  produces  a  much  larger 
grain  sizes  relative  to  pure  AI2O3.  This  re¬ 
sult  Is  caused  by  the  nonunlforalty  of  the 
Zr02  distribution,  l.e.,  soae  portions  of  the 
aaterlal  contained  a  higher  concentration  of 
Zr02  than  others. 

It  should  be  noted  here  that  when  colloid 
routes  are  aaployed  to  achieve  a  uniform  phase 
distribution,  the  fabricator  aust  guard 
against  sedimentation.  Figure  6  Illustrates 
bottom  and  top  regions  of  a  slip  cast  0"- 
AI2O3/15  v/o  Zr02  composite.  The  large  Zr02 
agglomerates  snd  large  0"-Al2(>3  grains  sedi¬ 
mented  to  the  bottom.  This  problem  can  be 
avoided  by  pre-sedimentation  as  discussed 
above  and/or  by  flocking  the  colloid  prior  to 
consolidation. 
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Fig.  6  -  Bottom  (a)  and  top  (b)  regions  of  a  sllpcast  P"-Al20j/Zr02  coaposlte  powder  compact 
after  sintering.  Note  large  single  phase  areas  on  bottom  due  to  sedimentation  (courtesy  of 
D.J.  Green). 


It  can  be  concluded  that  the  mechanical 
reliability  of  a  ceramic  can  be  Increased  by 
controlling  grain  growth  with  a  dispersed 
second  phase.  This  approach  can  be  optimized 
with  strict  controls  on  phase  distribution. 

SURFACE  CRACKS  -  Final  shaping  of  ceramic 
components  Is  performed  by  diamond  grinding,  a 
process  that  unavoidably  Introduces  surface 
cracks.  Rice  et  al10  have  shown  that  two  type 
of  radial  cracks  exist  within  the  groove  made 
by  the  plowing  abrasive  grain:  1)  closely 
spaced  cracks  that  traverse  the  groove  pro¬ 
duced  by  slip-stick,  and  2)  longitudinal 
cracks  which  overlap  one  another  along  the 
length  of  the  groove.  The  overlapping,  long¬ 
itudinal  cracks  produce  the  greatest  strength 
degradation  and  result  In  a  strength  aniso¬ 
tropy  when  tensile  strength  Is  measured  par¬ 
allel  and  perpendicular  to  the  grinding 
direction. 

It  has  been  demonstrated  that  the  effect 
of  surface  cracks  on  strength  degradation  can 
be  minimized  by  the  Introduction  of  residual 
surface  compressive  stresses.  The  most  effec¬ 
tive  means  of  Introducing  residual  surface 
compressive  stresses  is  by  Inducing  a  molar 
volume  Increase  at  the  surface  through  either 
a  stress  Induced  phase  transformation  or  a 
chemical  reaction. 

Abrasive  machining  or  particle  Impact  of 
transformation  toughened  Zr02  materials  In¬ 
duces  the  tetragonal  to  monocllnlc  Zr02  trans¬ 
formation  at  the  surface.  The  solar  volume 
Increase  3Z)  that  accompanies  this  trans¬ 
formation  can  produce  compressive  surface 
stresses  as  high  as  1000  MPa  (150,000  pal).11 
Contrary  to  other  classes  of  ceramics,  the 
atrength  of  transformation  toughened  ceramics 
is  significantly  Increased  after  abrasive 
grinding. 

Molar  volume  Increases  can  also  be  Induced 
at  the  surface  by  a  chemical  reaction  with  the 


environment,  e.g.,  oxidation.12  Here,  a  two 
phase  ceramic  Is  engineered  such  that  the 
second  phase  Increases  its  volume  through  a 
surface  reaction.  As  demonstrated,  for  the 
SHNn/Zr-oxynltrlde  system,  the  magnitude  of 
the  surface  compressive  stresses  depends  on 
the  volume  fraction  of  the  second  phase  Zr- 
oxynltrlde,  the  molar  volume  Increase  produced 
by  the  Zr-oxynitrlde  +  02  ■*  ZrOj  +  N*  reac¬ 
tion,  and  the  depth  of  the  reaction  layer 
which  Is  governed  by  oxidation  kinetics  (tem¬ 
perature  and  time).  If  the  volume  fraction 
of  the  Zr-oxynltrlde  phase  Is  >  0.10,  the  com¬ 
pressive  surface  stresses  can  be  too  severe 
and  will  eventually  produce  surface  spalling. 

CONCLUDING  REMARKS  -  It  has  been  demon¬ 
strated  that  strength  limiting  flaw  popula¬ 
tion,  Inherent  to  conventional  ceramic  fabri¬ 
cation  procedures,  can  be  eliminated  or 
minimized  using  new  fabrication  methods  and  by 
engineering  two  phase  materials.  Voids  pro¬ 
duced  by  the  differential  shrinkage  of  agglom¬ 
erates  and/or  organic  Inclusions  can  be  elim¬ 
inated  by  post-slnterlng  HIP  (hot  gas  iso- 
presslng)  treatments,  a  process  that  the  ce¬ 
ramic  manufacturers  are  beginning  to  Imple¬ 
ment.  A  more  cost  effective  approach  is  the 
use  of  colloidal  methods  for  powder  treatment 
and  consolidation. 

Colloidal  methods  (powder  dispersion,  sed¬ 
imentation  and  slurry  consolidation)  effec¬ 
tively  reduces  the  size  of  agglomerates  and 
Inclusions.  They  also  uniformly  distribute 
second  phases  needed  to  control  abnormal  grain 
growth  and/or  to  produce  residual  surface  com¬ 
pressive  stresses  through  environmental  reac¬ 
tions.  Effort  to  further  develop  these  col¬ 
loidal  methods  will  certainly  Increase  the 
fabrication  and  structural  reliability  of 
ceramics. 
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Stresses  created  by  differential  sintering,  due  to  differences  in 
taitial  bulk  density,  were  determined,  to  an  order  of  mag¬ 
nitude,  by  an  experiment  which  estimated  the  differential  sin¬ 
tering  phenomenon  on  a  macroscopic  level.  The  experiments 
intollnl  determining  the  shrinkage  rates  of  a  powder  bostati- 
cally  pressed  to  two  bulk  densities.  Using  this  information, 
■tresses  were  determined  by  forcing  the  dower-densifying  com¬ 
pact  to  shrink  at  the  same  rate  as  the  faster-densifying  compact 
and  measuring  the  resulting  forces  with  a  load  cell.  Maximum 
stresses  (between  1  and  3  MPa)  were  observed  to  occur  in  the 
intermediate  stage  of  densities tkxi.  Despite  larger  differential 
strains  at  higher  temperatures,  stresses  decreased  to  zero 
at  the  latter  stage  of  dcnsiflcatioa.  Viscoelastic  experiments,  of 
the  stress-relaxation  type,  were  performed.  Results  showed 
that  the  sintering  specimen  was  more  rigid  at  lower  tem¬ 
peratures  and  more  fluidlike  at  higher  temperatures.  This 
explains  the  development  of  maximum  stresses  at  intermediate 
temperatures. 


I.  Introduction 

The  processing  of  ceramics  is  currently  the  focus  of  much 
attention.  Based  on  recent  work  in  the  area  of  fracture  mechan¬ 
ics,  researchers  now  feel  that  great  improvements  in  the  fracture 
strength  of  ceramics  are  possible  with  improved  processing  These 
improvements  hinge  on  the  ability  of  the  ceramist  to  eliminate  flaw 
populations  inherent  to  certain  processing  methods.  Agglomerate* 
produced  a  major  flaw  population  by  causing  cracklike  voids  to 
form  by  differential  sintering  .M  In  this  case,  agglomerates  produce 
inhomogeneous  density  distributions  which  can  carry  through  to 
the  sintered  body  as  cracklike  voids. 

Sintering  kinetics  are  dependent  on  many  variables,  like  green 
density,  composition,  particle  size,  and  morphology  Therefore 
any  green  body,  which  is  inhomogeneous,  will  show  differences  in 
shrinkage  strains  from  one  region  to  die  next  (Fig  1 ).  The  corre¬ 
sponding  differential  strains  between  these  regions  are  expected  to 
give  rise  to  stresses  within  the  powder  compact  during  sintering 
Any  calculation  used  to  determine  these  stresses  would  have  to 
consider  microscopic  derails  of  the  inhomogeneities  and  the  local 
shrinkage  behavior  of  the  powder  compact.  In  addition,  the 
stress/strain  behavior  of  the  powder  compact  during  the  period  of 
densification  would  need  to  be  known.  We  attacked  this  problem 
on  a  more  tractable  macroscopic  level.  We  considered  the  powder 
compact  to  be  inhomogeneous  only  with  regard  to  green  density  . 
In  particular,  we  chose  a  commonly  realized  inhomogeneity  within 
powder  compacts,  namely  a  higher-density  agglomerate  sur¬ 
rounded  by  a  powder  matrix  of  lower  density.  To  determine  the 
maximum  stress  produced  by  this  arrangement,  the  shrinkage  rates 
of  powder  compacts  of  two  bulk  densities  were  measured  at  con¬ 
stant  heating  rates ,  The  slower-densifying  compact  was  then  forced 
to  densify  at  the  same  rate  as  the  faster-densifying  compact  within 
a  mechanical  test  machine  that  measured  the  resulting  force.  In  this 


Prttemed  at  the  35th  Pacific  Coui  Refiontl  Meetint.  The  Amencen  Ceramic 
Society .  Sconk.  Wuhm|ton.  October  2S.  WS2  (Paper  No  2l-B-82Pi  Recencd 
July  15.  rtf?  reviled  copy  received  October  3.  1083  approved  January  2b.  low 
Sappoeted  by  the  Air  Force  Office  of  Scientific  Research  under  Conrraci 
No  F406 20- 1 1 -C-00 3b 
•Member,  die  Amencan  Ceramic  Society 


manner,  the  stress  arising  from  differential  sintering  was  deter¬ 
mined  over  the  full  range  of  heating  with  only  one  assumption 
concerning  the  stress-strain  behavior  of  the  falsifying  powder 
compact,  viz.,  both  the  low  and  high  bulk  density  compacts  exhibit 
similar  viscoelastic  behavior. 

D.  Experimental  Procedure 

A  composite  powder  consisting  of  70  vol**  A1;0.*  and  30  vol*i 
ZrO/  was  used  for  this  study.  An  equivalent  of  2  mol'v  Y-O.  was 
added  to  the  ZiO-  as  YlNO,),.’  The  material  was  ball-milled  in 
methanol  with  high-alumina  balls  in  a  polyethylene  container  over¬ 
night.  flash-evaporated,  and  then  calcined  at  600°C  overnight  to 
convert  the  Y(NOj),  to  Y;0,  The  composite  powder  was  ground 
with  a  mortar  and  pestle,  and  then  axially  pressed  (28  MPai  into 
cylindrical  specimens  (2.54  by  0  847  cm)  The  cylindrical  com¬ 
pacts  were  isostancally  pressed  at  69  and  34S  MPa  to  produce 
specimens  with  densities  of  2.22  and  2.63  g/cm'.  respectively 

The  compacts  were  sintered  in  air  and  shrinkage  measurements 
for  both  the  high  and  low  bulk  density  compacts  were  obtained  for 
heating  rates  of  5°.  I  O',  and  20°C/min  (between  900'  and  )550'C  i 
using  an  extensometer  described  elsewhere.’  Results,  expressed  as 
dimensionless  strain  (r  =  A///0).  were  obtained  with  three  or 
more  specimens  for  each  bulk  density  and  for  each  heating  rate 
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Fig.  I.  Density  variations  produced  by  isopressmp  of  dry 
alummum-zirconu  composite  powder  (sintered  to  «90r.  of 
theoretical  density  > 
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Fig.  2.  Schematic  of  loading  train  and  exiensomcter 
used  to  force  specimen  with  higher  green  densit)  to 
sinter  at  same  rate  as  that  with  lower  green  density 


Fig.  3.  Shrinkage  strain  vs  temperature  for  AljOi-30  vol1*  ZrOi 
powders  with  different  initial  bulk  densities  (2.22  and  2.63  g/cm’l  healed 
at  VC/min. 


To  determine  the  sintering  stresses,  a  high  green  density  speci¬ 
men  was  placed  in  a  furnace  between  SiC  rods  attached  to  the 
moving  crosshead  of  a  mechanical  testing  machine.'  During  heat¬ 
ing  the  crosshead  was  moved  to  mimic  the  displacement  rate  of  the 
lower  green  density  compact.  The  thermal  expansions  of  the  load 
train  had  to  be  experimentally  determined  and  subtracted  from  the 
applied  displacement  rate.  These  expansions  were  experimentally 
determined  for  the  two  heating  rates  (5°  and  ICC/min)  used  to 
determine  stresses.  This  was  accomplished  by  bringing  the  two 
ends  of  the  load  train  together  and  determining  the  displacement 
rate  required  to  maintain  a  constant  applied  load  on  the  load  train 
during  heating  at  the  desired  heating  rate. 

Each  constant  heating  rate  experiment  was  initiated  at  900*C  A 
displacement  rale  was  applied  to  the  specimen  which  forced  it  to 
shrink  (uniaxially)  at  the  same  rate  as  the  lower  green  density 
compact.  This  displacement  rate  was  determined  for  each  healing 


Fig.  4.  Shrinkage  strain  rale  vs  temperature  for  compacts  with  high  and 
low  green  densities  heated  at  three  heating  rates 


rate  by  subtracting  the  expansion  history  of  the  loading  train  from 
the  shrinkage  history  determined  by  experiments  described  above. 
An  extensometer  (see  Fig.  2)  was  used  to  ensure  that  the  correct 
displacements  were  applied 

Viscoelastic  experiments  of  the  stress-relaxation  type  were  per¬ 
formed  to  determine  the  changing  nature  of  the  sintering  body  with 
temperature.  These  experiments  required  the  same  apparatus  as 
described  above  for  the  sintering-stress  experiments.  The  tests 
were  performed  at  T  *  1000°  to  I550°C  using  a  high  green  density 
specimen  which  was  sequentially  tested  from  low  to  high  tem¬ 
perature.  The  relaxation  experiments  entailed  quickly  applying  a 
small  compressional  strain  to  the  specimen  to  obtain  an  initial 
stress  between  I  and  7  MPa.  depending  on  temperature.  The  initial 
stress  was  allowed  to  dissipate  at  constant  strain  Since  these  tests 
caused  only  a  slight  compressional  strain,  negligible  densification 
occurred.  The  powder  compact  was  modeled  as  a  Maxwell 
element’  with  the  spring  acting  as  the  compact's  elastic  skeleton 
and  the  dash  pot  corresponding  to  its  viscous  processes  (sintering 
and  deformation).  The  characteristic  relaxation  time  A  was  deter¬ 
mined  from  the  time  taken  for  the  stress  to  decay  to  I  /e  of  its  initial 
value  The  characteristic  relaxation  time  is  a  measure  of  the  com¬ 
pact's  viscosity  to  elastic  modulus  ratio  (q/f). 

III.  Results 

As  shown  by  the  example  in  Fig.  3  (heating  rate  *  5°C/min). 
the  lower  green  density  compact  always  showed  greater  shrinkage 
strains  than  the  higher  green  density  compact.  Shrinkage  at  all 
heating  rates  initiated  at  *  1000*0.  Differential  shrinkage  between 
the  high-  and  low-density  compacts  was  sufficiently  significant  to 
be  observed  beginning  at  about  I030°C. 

Shrinkage  rates  were  determined  graphically  as  a  function  of 
temperature.  As  shown  in  Fig.  4.  the  shrinkage  rate  which  peaked 
at  high  temperature  (>I45<FC),  was  greater  for  faster  heating 
rates,  and  for  the  low-density  compact  relative  to  the  higher- 
density  compact  for  a  given  heating  rate.  The  differential  shrinkage 
rate  between  the  two  density  compacts  was  the  greatest  at  1550°. 
1500°,  and  I435*C  for  heating  rates  of  5,  10.  and  20*C/min, 
respectively  Conversion  of  the  linear  shrinkage  data  into  density 
(p  •  po/(  1  -  t)\  where  po  is  the  initial  green  density)  showed 
that  the  higher  green  density  compact  was  always  more  dense  than 
the  low-density  compact  despite  its  lower  shrinkage  rate,  as  shown 
in  Fig.  5. 

Experiments  to  determine  the  stress  produced  by  differential 
shrinkage  were  performed  at  heating  rates  of  5°  and  IO°C/mm 
Figure  6  illustrates  these  data.  Although  the  form  of  the  data  was 
consistent  from  one  specimen  to  the  next,  individual  experiments 
produced  different  stresses.  The  dau  scatter  between  experiments 
was  caused  by  slight,  but  consistent,  deviations  in  the  applied 
crosshead  displacement  rates  relative  to  the  displacement  rates 
which  exactly  mimic  the  shrinkage  rate  of  the  low-density  com¬ 
pact.  For  this  reason,  the  maximum  stress  could  only  be  estimated 
as  ranging  between  I  and  3  MPa  and  no  differences  could  be 
observed  for  the  two  heating  rates.  As  shown  in  Fig.  6.  the  stresses 
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increase  to  a  maximum  value  at  •  )200°C  and  then  dissipate  to 
approximately  zero  at  1500°C. 

Results  of  stress-relaxation  experiments  are  show  n  in  Fig.  7.  As 
illustrated,  the  characteristic  relaxation  time  decreased  by  about 
three  orders  of  magnitude  between  1000'  and  1S00°C.  At 
T  >  1400 °C.  data  were  difficult  to  obtain  since  the  stresses  relaxed 
nearly  as  fast  as  they  were  applied  Thus,  in  general,  the  vis¬ 
coelastic  compact  can  be  described  as  an  elastic  body  at  low  tem¬ 
peratures  and  a  viscous  body  at  high  temperatures 

IV.  Dtacimhm 

For  this  experiment  the  lower  green  density  compacts  exhibit  a 
greater  shrinkage  and  shrinkage  rate  over  that  of  the  high  green 
density  compact.  As  demonstrated  here,  the  differential  shrink¬ 
ing  produced  by  a  green-density  differential  of  “0  4  g/cm' 
(2.22  g/cm’  vs  2.63  g/cm1)  results  in  maximum  stresses  ranging 
between  I  and  3  MPa  for  the  heating  rates  studied.  Although  the 
maximum  differential  strain  and  differential  strain  rates  occurred  at 
high  temperatures  (>1450°C).  the  maximum  stress  occurred  at 
relatively  low  temperatures  (“1200°C).  Stress-relaxation  experi¬ 
ments  strongly  suggest  that  the  maximum  stress  arises  at  lower 
temperatures  because  the  material  is  more  elastic,  whereas  stresses 
dissipate  at  high  temperatures  due  to  easier  diffusion. 

Since  the  densifying  powder  compact  exhibits  viscoelastic  be¬ 
havior  over  its  complete  range  of  densification  (tee  Fig.  7).  one 
would  expect  that  the  magnitude  of  the  stresses  would  be  propor¬ 
tional  to  the  strain  rate  which,  as  shown  in  Fig.  4.  is  proportional 
to  the  heating  rate.  That  is.  the  maximum  stress  developed  due  to 
differential  sintering  might  be  minimized  by  heating  at  a  slower 
rate  over  the  critical  temperature  range  (“I200“C  for  the  case 
examined  here).  Unfortunately,  the  accuracy  of  the  current  experi¬ 
ments  did  not  permit  any  correlation  between  heating  rate  and 
maximum  stress. 

One  might  ask:  Is  I  to  3  MPa  sufficient  to  produce  the  cracklike 
voids  observed  by  the  differential  sintering  of  agglomerate/matrix 
systems?  The  answer  is  beyond  the  scope  of  die  present  work,  but 
it  might  be  pointed  out  that,  in  model  studies,  die  cracklike  voids 
were  observed  to  form  during  the  initial  stage  of  sintering  where 
die  powder  compact  is  expected  to  be  weakest  * 
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Fig.  7.  Characteristic  relaxation  time  constant  vs 
temperature 
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APPENDIX  III 


Alumina  and  AljOj/ZrO]  (1  to  10  volt)  composite  powders 
were  mixed  and  consolidated  by  a  colloidal  method,  sintered  to 
>M%  theoretical  density  at  1550*C,  and  subsequently  heat- 
treated  at  temperatures  up  to  1700*C  for  grain-size  measure¬ 
ments.  Within  the  temperature  range  studied,  the  ZrOj  inclu¬ 
sions  exhibited  sufficient  self-diffusion  to  move  with  the  AlrOj 
4-grain  junctions  during  grain  growth.  Growth  of  the  ZrO, 
inclusions  occurred  by  coalescence.  The  inclusions  exerted  a 
dragging  force  at  the  4-grain  junctions  to  limit  grain  growth. 
Abnormal  grain  growth  occurred  when  the  inchisioo  distribu¬ 
tion  was  not  sufficiently  uniform  to  hinder  the  growth  of  all 
Al>0)  grains.  This  condition  was  observed  for  compositions 
containing  <2.5  vol%  ZrO:.  where  the  inclusions  did  not  (Ul 
all  4-grain  junctions.  Exaggerated  grains  consumed  both 
neighboring  grains  and  ZrOi  inclusions.  Grain-growth  control 
(no  abnormal  grain  growth)  was  achieved  when  a  majority  (or 
all)  4-grain  junctions  contained  a  ZrOi  inclusion,  viz.,  for 
compositions  containing  vol  “Sr  ZrOj.  For  this  condition, 

the  grain  size  was  inversely  proportional  to  the  volume  fraction 
of  the  inclusions.  Since  the  ZrOj  inclusions  mimic  voids  in  all 
ways  except  that  they  do  not  disappear,  it  is  hypothesized  that 
abnormal  grain  growth  in  single-phase  materials  is  a  result 
of  a  nonuniform  distribution  of  voids  during  the  last  stage 
of  sintering. 


I.  Introduction 

Grain-growth  inhibition  is  desirable  for  preventing  abnormal 
grain  growth  during  sintering,  which  allows  pores  to  be  swal¬ 
lowed  to  limit  end-point  densities,  and  for  limiting  gram  size  to 
achieve  higher  strengths.*  Second-phase  inclusions  can  inhibit 
grain  growth  and  are  frequently  used  for  this  purpose  in  metal 
systems.  Although  most  high-performance  ceramics  are  not  single- 
phase  materials,  the  use  of  a  particular  second  phase  to  inhibit  gram 
growth  is  not  currently  practiced  due  to  the  common  belief  that 
inclusions  are  precursors  to  strength-degrading  microcracks  Al¬ 
though  inclusions  can  produce  microcracks,  theoretical  work  has 
shown  that,  despite  the  high  residual  stresses  developed  by  differ¬ 
ential  thermal  expansion  (or  phase  changes),  microcracking  can  be 
avoided  both  during  cooling  from  the  fabrication  temperature  and 
during  subsequent  stressing  if  the  inclusion  size  is  less  than  a 
critical  value.  1  This  theoretical  work  has  opened  the  possibility  of 
designing  two  (or  more)  phase  systems  without  the  worry  of  de 
grading  strength  and  other  properties  related  to  microcracking,  as 
was  recently  demonstrated  for  AI20,/SiC  composites  '  Despite  the 
large  differential  in  thermal  expansion  (the  thermal  expansion  of 
Al-Oy  is  twice  that  of  SiC).  an  SiC-dispersed  phase  inhibits  gram 
growth  to  produce  a  659)  strength  increase  relative  to  polycrystal¬ 
line  A120>  fabricated  under  identical  conditions. 

Theory  that  treats  the  inhibition  of  grain  growth  by  inclusions 
has  generally  been  based  on  refinements  of  Zener's'  original 
concept,  in  which  the  inclusion  residing  at  the  grain  boundary 
produces  a  dragging  force  due  to  the  lower  free  energy  of  the 
junction/mclusion  system  when  the  inclusion  resides  at  the  junc¬ 
tion.  Ashby  and  Centamore’  showed  that  the  inclusion!  s)  can  mov  e 
with  the  junction  if  the  inclusion  exhibits  sufficient  self-diffusion 
Theory  suggests  that  the  velocity  of  the  moving  inclusion  u.i  will 
depend  on  its  radius  r  as  either  r~’  or  r‘\  for  interfacial  diffusion 
or  volume  diffusion,  respectively.6 

In  metal  systems,  inclusions  are  commonly  introduced  by  pre¬ 
cipitation.  internal  oxidation,  mechanical  alloying,  etc  .  and  they 
are  usually  used  to  control  gram  growth  during  the  recry  stallization 
that  precedes  deformation  at  temperatures  where  the  inclusion  s 
velocity  is  nearly  zero.  These  methods  of  introducing  inclusions 
into  ceramics  are  ineffective  since  grain-growth  inhibition  must  be 
concurrent  with  sintering.  Thus,  inclusions  must  be  introduced  a- 
a  second-phase  particulate  dispersion  into  the  major-phase  pow  der 
prior  to  sintering.  Since  detailed  studies  of  inclusion/grain-junction 
interactions  have  not  been  detailed  for  this  method  of  fabrication, 
studies  were  initiated  by  investigating  the  effect  of  Zi02  additions 
on  the  grain-growth  phenomena  of  A120}.  This  system  was  chosen 
for  the  large  difference  in  atomic  number  between  A1  and  Zr. 
which  results  in  high  contrast  between  the  two  chemically  com¬ 
patible  phases  when  examined  by  electron  microscopy.  Green'  has 
already  characterized  grain  growth  to  determine  the  critical  ZiO; 
inclusion  size  required  to  retain  the  tetragonal  structure  Since 
powders  of  both  phases  can  be  sintered  within  the  same  tem¬ 
perature  range  (1300°  to  1600°C),  it  was  suspected  that  sufficient 
self-diffusion  would  exist  within  the  Zr02  to  permit  analogies  with 
pore/grain  boundary  interactions. 
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Table  I.  Grain-Size  Data  for  AliO>  and  AJ;03/ZrO;  Composites 


ZiO-  comem  (vol*) 

Grain  size 
parameter* 

Heat-treatment  temperature /tune  <*C /h ) 

1530/2 

1600,  2 

1450/2 

1650/6 

1650  12 

i7oo, : 

1700  2* 

0 

A 

1.09 

1.36 

1.95 

3.52 

3  74 

AR 

3.5 

3.7 

6.9 

7.7 

4.0 

i 

A 

1.21 

1  98 

2.69 

3.74 

S.28 

6.30 

11.50 

Z 

0.54 

0.55 

AR 

3.2 

5.2 

5.5 

6.4 

6.4 

6.3 

3.5 

Z/A 

0.45 

0.27 

2.5 

A 

1.05 

1.31 

2.04 

3.48 

Z 

0.44 

0.54 

AR 

3.4 

4.4 

10.0 

6.0 

Z/A 

0.41 

0.41 

5 

A 

1.05 

1.23 

1.49 

1.98 

2.48 

2.75 

z 

0.52 

0.58 

0.65 

0.84 

0.96 

1.32 

AR 

2.66 

2.92 

2.82 

3.13 

3.50 

2.76 

Z/A 

0.37 

0.47 

0.43 

0.42 

0.39 

0.48 

7.5 

A 

0.95 

1.32 

1.57 

1.73 

1.95 

2.01 

2.08 

Z 

0.51 

0.72 

0.93 

0.89 

0  94 

1.19 

AR 

2.75 

3.03 

2.48 

2.54 

2.90 

2.69 

3.17 

Z/A 

0.54 

0.54 

0.59 

0.52 

0  48 

0.59 

10 

A 

0.91 

1.09 

1.48 

1.51 

1.91 

1.90 

Z 

0.57 

0.74 

0  98 

0.97 

1.21 

1  20 

AR 

3.07 

3.02 

2.84 

2.78 

3.03 

2  21 

Z/A 

0.63 

0.68 

0.66 

0.64 

063 

0.63 

•A  *  AJ,0,  mean  size  (nm).  Z  *  Zr02  mean  size  (*un).  AR  *  largest  A1;CK  grain/mean  size:  Z/A  *  mean  ZiO:/mean  AJ,0,  ’Specimens  heated  direct!)  to  1700'C 
for  2  h 


□.  Experimental  Procedure 

Alpha  AljOj  and  cubic  ZiO;  (+6.6  mo)%  Y203)  powders  were 
separately  dispersed  in  distilled  water  containing  HC1  to  maintain 
a  pH  of  2  to  3  for  up  to  24  h.’  Each  powder  was  sedimented  to 
collea  all  panicles  «1  fan  The  supernatant  containing  «1  fan 
panicles  was  immediately  flocced  by  incteasing  the  pH  to  8  with 
additions  of  NHiOH.  Flocculation  consolidated  the  dispersion  to 
*•16  and  vol%  for  the  sedimented  AljOj  and  ZrO;  powders, 
respectively,  and  prevented  mass  segregation  during  storage.  The 
small  salt  content  resulting  from  pH  controls  was  minimized  by 
mixing  the  flocced  slurries  with  deionized  water,  followed  by 
spontaneous  floccing.  The  solid  contents  of  each  flocced  slum 
were  determined  by  density  measurements  and  the  assumed  density 
of  each  phase  (pMlo,  *  3  98  g/cm',  (cubic)  =  6.03  g/cnv). 
Figure  1  illustrates  the  size  distribution  of  the  two  powders 
after  they  were  redispersed  at  pH  -  2.  diluted  to  **2  voi%.  and 
ultrasonically  treated. 

Two-phase  flocced  slurries  containing  0, 1 .0,  2.5,  5.0. 7, 5,  and 
10.0  vol%  ZrOj  were  prepared  by  weighing  the  appropriate 
amounts  of  each  slurry,  redispersing  each  at  pH  =  2  with  HC1, 
mixing  together  with  ultrasonic  treatment,  and  again  floccing  at 
pH  *  8  with  NH>OH.  As  described  elsewhere,  consolidation  was 
performed  by  centrifuging  at  ••2000  times  gravity.  The  centri¬ 
fuged,  plastic  mass  was  dried  and  cut  into  specimens  and  sintered 
together  at  1550°C  for  1  h.*  All  materials  had  a  sintered  density 
*97%  of  theoretical  based  on  the  theoretical  densities  of  the 
two  phases. 

Each  material  was  diamond-cut  into  a  smaller  specimen  and  one 
surface  was  highly  polished.  Thermal  etching  was  performed  at 
15S0°C  for  1  h.  Polished,  thermally  etched  surfaces  were  observed 
in  the  scanning  electron  microscope  using  a  combined  back- 
scattering  and  secondary  electron-collecting  mode  to  enhance 
the  contrast  between  the  two  phases  required  to  measure  the  size 
distribution  of  the  brighter  ZrO:  inclusions. 

A  number  (4  to  8)  of  micrographs  were  taken  at  a  magnification 
for  which  every  A1203  grain  could  be  analyzed  with  an  image 
analyzer.  The  size  distribution  of  the  A1205  grains  was  obtained  by 
tracing  the  grain  boundaries  on  the  micrographs  with  black  ink  on 
a  transparent  overlay  suitable  for  image  analyzing.  The  image 


'Initial  reaction  tended  to  iacttaae  the  pH,  which  decreased  the  tubilit)  ot 
die  ditpenion 

'Initial  imertnt  etperunenu  Unwed  that  a  linteriiif  temperature  of  1525*C  (I  h) 
produced  demon  SPJ*  of  dnoetical 


analyzer  was  programmed  to  convert  each  phase  area  into  an 
equivalent  circle  to  obtain  its  equivalent  diameter.  These  data  were 
reduced  to  a  histogram  and  pertinent  statistical  parameters.  The 
same  specimens  were  then  heat-treated  for  2  h  at  1600°.  1650c.  and 
1700°C  Specimens  containing  1. 5.  7.5,  and  10  vo!%  ZrO;  were 
also  heat-treated  at  1650°C  for  2.  6,  and  12  h  prior  to  the  1700CC 
heat  treatment.  After  each  heat  treatment,  the  size  distributions  of 
both  the  Z1O3  and  A1203  grains  were  obtained  by  the  same  proce¬ 
dure  discussed  above.  The  number  of  grains  observed  for  each 
phase  was  dependent  on  the  volume  fraction  of  the  ZrO;  and  the 
deveiopmenl  of  a  bimodal  distribution  for  the  Al;Os.  Different 
magnifications  were  used  for  bimodal  microstructures.  In  addition, 
separate  specimens  containing  1  and  7.5  vo)%  ZiO.-  were  directly 
sintered  at  1700°C  for  2  h  without  the  intermediate  heat  treatments. 


HI.  Results 

(I)  Grain-Growth  Data 

Table  I  lists  the  statistical  information  reported  as  mean  grain 
size  of  the  A1:03  (A)  and  ZrO:  (Z).  mean  size  ratio  of  the  two 
phases  (Z/A),  and  the  largest-to-mean  size  ratio  of  the  Al20<  phase 
(AR).  Values  of  AR  indicated  the  bimodal  nature  of  the  micro- 
stiucture.  The  determination  of  AR  was  somewhat  subjective  for 
extreme  bimodal  microstructures  since  it  was  uncertain  that  the 
largest  grain  was  photographed  during  examination.  Figure  2  illus¬ 
trates  the  mean  grain  size  of  the  A1203  (A)  and  the  largest-to-mean 
ratio  (B)  as  a  function  of  the  2-h  heat-treatment  temperatures 

Figure  2(A)  shows  (hat  the  mean  AfeO;  grain  size  is  not  a 
monotonic  function  of  the  Zr02  content,  viz.,  the  grain  sizes  for 
composites  with  1  and  2.5  vol%  ZrO;  were  greater  than  and  equal 
to  that  for  the  single-phase  A1203,  respectively.  Figure  2(B)  shows 
that  all  of  the  materials  containing  «2.5  vol%  were  strongly 
bimodal  at  *1600°C,  whereas  grain-growth  control  (normal  grain 
growth)  was  achieved  for  ZrO;  contents  *5  vol% . 

Table  I  shows  that  the  mean  size  of  the  Zr02  inclusions  at 
1550°C  is  larger  than  the  mean  size  in  the  initial  ZiO-  powder  and 
that  they  continue  to  grow  during  heat  treatments  at  7>1550°C 
In  general,  their  size  after  a  given  heat  treatment  increases  with 
ZrO;  volume  fraction. 

For  composites  exhibiting  controlled  grain  growth  (»5  vol% 
ZrO;)  the  mean  size  ratio  of  the  two  phases  (Z/A)  was  nearly 
constant  at  all  temperatures  and  increased  with  the  ZrO;  volume 
fraction  (see  Table  1). 
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Ml  3.  Fracture  surface  of  7.3  vol%  ZrO; 
compoiition  after  heal  treatment  at  1700*C  for 
2  bimottZiO;  inclusions  lie  at  4-grain  junctions. 


Direct  heating  of  the  7.5  vol%  ZiOj  competition  to  1700°C/2  h 
produced  a  nearly  identical  mkrostructure  to  the  tame  material 
tittered  at  1550”  and  icquentially  heated  to  1700°C  (tee  Table  I). 
Thit  was  not  the  cate  for  the  A IjOj  without  a  dispersed  phase  and 
the  1  vol%  ZaOj  compoiition.  Direct  heating  to  1700°C/2  h  pro¬ 
duced  huger  grains  without  the  severe  bimodal  characteristics  of 
the  tame  materials  heated  sequentially  to  1700°C.  These  obser¬ 
vations  suggest  that  the  conditions  for  exaggerated  grain  growth 
are  history-dependent  and  may  reflect  a  nucleation/growth 
phenomenon  for  abnormal  grain  growth. 

(2)  Mkrottrnehmi 

For  composites  exhibiting  controlled  grain  growth  (»5  vol% 
ZiOj),  fracture-surface  observations  showed  that  the  ZrO;  grains 
were  primarily  located  at  4-grain  junctions,'  as  illustrated  in  Fig.  3 


*Swfact  obwrobotH  and  id 

JDDCtkWB 


gn»  sue  term  obwrvKwtt  to  apparent 


n*  4.  (4 )  Diagram  showing  coalescence  of  inclusions  at  4-grain  junc 
lions  and  (B)  micrograph  showing  several  ZiO;  grains  at  4-grain  junction' 
resulting  from  coalescence  (5  vol*  ZiOj.  I70(rc  for  2  h) 


for  the  case  of  7.5  vol%  ZrO;  heated  to  1700X/2  h.  It  is  obvious 
that  Zr02  particles,  initially  located  between  the  Al;0>  particles, 
were  sufficiently  mobile  during  growth  of  the  Al-Oj  grains  to 
remain  located  at  4-grain  junctions.  That  is.  the  growth  of  the  ZrO. 
grains  occurred  by  coalescence,  as  depicted  in  Fig  MA).  Fig  MB) 
illustrates  that  Zr02/Zr02  grain  boundaries  were  frequently  ob¬ 
served,  indicating  a  coalescence  mode  of  growth. 

For  compositions  that  produced  a  bimodal  Al-O.  grain-size 
distribution  («2.5  volfc  ZrO,).  the  ZrO;  grains  were  primarily 
located  at  4-grain  junctions'  only  at  1550°C  At  1550°C.  not  ail 
4-grain  junctions  were  filled  in  the  2  5  volS  composite  and 
relatively  few  were  filled  in  the  1  voW  composite.  At  higher 
temperatures,  more  and  more  Zi02  grains  became  relocated  within 
the  interior  of  the  Al;Os  grains  and  had  a  spherical  geometry  This 
phenomenon  appeared  to  occur  by  the  growth  of  a  group  of  Al.-O, 
grains,  constrained  by  relatively  few  ZrO;  grains,  into  a  large  grain 
which  then  swallowed  up  surrounding  A1;0,  and  ZrO:  grains.  As 
shown  in  Fig.  5.  the  Al;Oj  grains  in  regions  with  a  greater  local 
concentration  of  ZrO;  remained  small  until  they  were  engulfed  by 
much  larger,  surrounding  grains.  That  is.  abnormal  grain  growth 
appeared  to  be  promoted  when  either  all  4-grain  junctions  were  not 
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FI*.*.  (4 )  Drag  configuration  of  ZrOj  inclusions  M  2-grain  junction  and 
( B )  imminent  breakaway  configuration 


Fig.  5.  Region  of  small  Al-O,  grains  con¬ 
strained  by  ZrO,  inclusion  surrounded  by  large . 
exaggerated  grains.  Note  arrowhead  shape  of 
inclusions  at  3-  (or  4-1  grain  junctions  (1  vol1* 
ZiO,.  1700°C  for  2  h! 


filled  and/or  the  inclusion  phase  was  not  uniformly  distributed. 

Within  regions  containing  only  abnormally  large  AljO.  grains, 
the  Zr02  grains  were  more  than  10  times  smaller  than  the  Al-Oj 
grains.  At  2-grain  junctions  the  ZrO;  grains  were  observed  in 
various  drag/breakaway  configurations,  as  shown  in  Fig.  6(4 1; 
Fig.  6 (B)  shows  the  rare  configuration  of  imminent  breakaway. 
Measurement  of  the  dihedral  angle  (<b)  with  symmetric  ZrO:  grains 
located  at  2-grain  junctions  resulted  in  <t>  -  80°  £  5°.  This  sug¬ 
gests  that  the  AI203/Zi02  interfaciaf  energy  is  “2/3  the  A120> 
grain-boundary  energy. 

The  arrowhead  shape  of  Zi02  grains  at  3-grain  junctions  (or. 
possibly  4-grain  junctions)  also  indicates  a  condition  of  inclusion 
drag  as  recently  pointed  out  by  Hsuch  era/.' and  Spears  and  Evans" 
for  the  case  of  a  pore  being  dragged  by  a  3-grain  junction 
(Fig.  7(A)).  Examples  of  these  shapes  are  shown  in  Fig.  5. 
Figure  7(B)  schematically  shows  three  configurations  observed 
for  an  inclusion  close  to  a  3-grain  junction.  These  shapes  suggest 
that  the  inclusion  has  recently  broken  away  from  (he  3-grain 
junction,  by  either  the  movement  of  two  grain  boundaries 
(configuration  1)  or  by  the  movement  of  any  one  of  the  grain 
boundaries  (configurations  2  and  3). 

IV.  Discussion 
( I )  Grain-Growth  Control 

Grain-growth  data  and  direct  observations  indicate  that  the  self- 
diffusion  of  Zt02  was  sufficient  at  all  temperatures  to  allow  the 
Zi02  panicles,  initially  located  between  the  A1203  panicles,  to 
locate  and  remain  at  4-grain  junctions  when  grains  grew  in  a 
controlled  manner  during  sintering  and  subsequent  heat  treatments 
When  abnormal  grain  growth  did  not  occur  (T  «  1350°  and 
»1600°C  for  composites  containing  *3  vol%  Zr02).  the  Zr02 
inclusions  had  a  relatively  minor  effect  on  average  grain  size:  viz. , 
at  1550°C.  10  vol%  ZrOj  reduced  the  average  size  of  the  A1202 
grains  by  only  “10%.  At  higher  temperatures,  the  difference  in 
average  grain  size  for  the  5  and  10  vol%  ZrO-  compositions 
(realm  of  normal  grain  growth)  was  30% .  Evans  and  co-workers" 
showed  that  the  grain-growth  hindrance  exerted  by  pores  located  at 
3-grain  junctions  is  directly  proportional  to  the  pore-size/grain-size 
ratio.  The  same  theoretical  arguments  also  apply  to  4-grain  junc¬ 
tions.  Inclusions  that  exhibit  sufficient  self-diffusion  will  behave  as 
pores.  Table  1  shows  that,  based  on  the  analogy  between  pores 

’This  nay  be  one  limitmi  cue  B  (model  micmtnicturet  could  *iw>  be  prevented 
if  die  mchakxu  were  uniformly  Attributed  tuch  dial.  ehhou|h  not  all  4-|r*m 
junction!  were  filled,  viz.,  die  nuclei  foe  abnormal  growth  fi  e  .  group!  of  grama 
unhindered  by  Incluuoni)  were  anal!  and  uniformly  onpened  Thu  would  require  a 
mdorm  d uperwoe  of  incMcn.  a  talk  that,  in  practice,  would  be  more  difficult  to 
achieve  don  filling  all  4-gnin  junction! 


(B) 


Fi*.  7.  Schematics  showing  (A)  arrowhead  shape  of  inclusion  being 
dragged  along  with  3-grain  junction  (after  Refs  8  and  9t  and  till  observed 
breakaway  configurations. 


and  inclusions,  the  average  grain  size  decreases  as  the  inclusion 
size-io-grain  size  ratio  (Z/A)  increases. 

The  major  effect  of  the  ZrO-  inclusions  was  in  preventing  abnor¬ 
mal  grain  growth  at  temperatures  where  the  inherent  resistance  of 
the  single-phase  material  to  this  phenomenon  had  disappeared  As 
shown  above  (Table  I  and  Fig.  2(0)).  the  inclusions  were  effective 
only  at  volume  fractions  » 0.05 .  Smaller  volume  fractions  could 
both  widen  the  bimodal  Al.-Oi  grain-size  distribution  and  increase 
the  average  A1:0,  grain  size.  Observations  (Fig.  5i  suggest  that 
abnormal  grains  developed  from  a  small  group  of  grains  that  con¬ 
tained  fewer  ZrO-  inclusions  and  are  therefore  less  inhibited  from 
growing  relative  to  surrounding  grains.  Once  such  a  group  grows 
to  a  large  grain,  it  rapidly  swallows  neighboring  grains  and  inclu¬ 
sions.  This  is  supported  by  the  observations  that  not  all  4-grain 
junctions  were  filled  for  the  2.5  vol%  ZtO;  composite  and  fewer 
yet  were  filled  for  the  I  vo!%  composite.  These  observations 
strongly  suggest  that  all  4-grain  junctions  must  be^  filled  lo  uni¬ 
formly  hinder  all  grains  from  growing  abnormally.' 
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As  detailed  in  the  appendix,  filling  all  4-grain  junctions  requires 
a  critical  volume  fraction  (V',)  of  the  inclusion  phase  V,  depends 
on  the  average  size  ratio  of  the  major-phase  and  inclusion-phase 
powders  and  on  factors  that  govern  the  clustering  of  the  inclusion 
phase  during  powder  mixing 

Observations  further  suggest  that  abnormal  grain  growth  is  pro¬ 
moted  when  the  inclusions  do  not  fill  all  4-gram  junctions  and  are 
not  uniformly  distributed,  causing  uninhibited  groups  to  act  as 
nuclei  for  potential,  abnormal  grains. 

(2)  Analogies  to  Pore/Grain-Size  Phenomena 

If  the  dominating  path  of  ZfOj  diffusion  is  at  the  ZrO;/Al:0> 
interface,  theory  indicates  that  inclusions  will  mimic  the  behavior 
of  pores  in  all  ways  except  one.  viz  .  pores  can  disappear  by  mass 
transport  (i.e..  the  phenomenon  of  sintering),  whereas  inclusion 
cannot.  Analogies  between  pores  and  inclusions  were  presented 
above  concerning  drag  and  breakaway  configurations.  Of  greater 
interest  here  are  the  analogies  concerning  pore-volume  change  and 
grain  growth,  and  conditions  leading  to  abnormal  grain  growth. 

Recent  observations'"  showed  that  sintering  is  not  a  homoge¬ 
neous  process,  viz.,  small  regions  reach  full  density  prior  to  the 
bulk.  These  dense  regions  support  grain  growth.  The  pores  sepa¬ 
rating  the  dense  regions  prevent  abnormal  grain  growth,  i.e  ,  grain 
growth  is  confined  to  the  dense  regions.  As  these  pores  shrink  and 
disappear,  one  can  classify  the  pore/grain-growth  phenomenon 
with  two  extreme  cases.  The  first  case  is  where  grains  grow  and 
pores  coalesce.  In  this  case,  pore  disappearance  will  prevail  until 
the  pores  offer  little  hindrance  to  grain  growth.  The  exact  pore 
fraction  at  which  this  occurs  will  depend  on  how  uniformly  the 
pores  are  distributed.  Kingery  and  Francois"  suggested  that  this 
phenomenon  can  certainly  occur  when  the  pore-volume  fraction  is 
■“0  1 0  In  this  case,  the  pores  located  at  4-grain  junctions  are 
dragged  with  the  junction  to  maintain  a  uniform  but  magnified 
microstructure  where  the  pore  size-to-grain  size  ratio  remains 
constant  due  to  pore  coalescence  at  newly  formed  4-grain  junctions 
in  the  same  manner  observed  for  the  ZrO:  inclusion  in  the 
present  study. 

In  the  second  extreme  case.  i.e. .  the  case  where  pores  disappear 
faster  than  grains  grow,  grain  growth  will  be  initially  restricted 
to  dense  regions,  as  discussed  above.  When  the  pore  volume 
decreases  to  some  critical  volume  fraction,  the  distribution  of 
porosity  will  now  govern  the  condition  for  grain  growth  as  for  the 
inclusion  case.  If  this  distribution  is  inhomogeneous,  some  dense 
regions  will  enlarge.  Grain  growth  in  these  dense  regions  will 
result  in  much  larger  grains  than  in  regions  where  grain  grow  th  is 
still  hindered  by  porosity  .  This  condition  sets  the  stage  for 
abnormal  grain  growth,  i.e.,  grains  within  the  dense  regions  grow 
rapidly  to  swallow  neighboring  grains  and  pores.  Results  presented 
for  the  ZiO:  inclusions  suggest  that  an  inhomogeneous  pore  distri¬ 
bution  can  result  in  exaggerated  grain  growth  for  a  volume  fraction 
less  than  a  critical  value,  e.g.,  Vr«0.0S.  Thus,  it  might  be  con¬ 
cluded  that  exaggerated  grain  growth  is  promoted  by  the  non- 
uniform  distribution  of  pores  (or  inclusions).  Agglomerates  that 
densify  prior  to  the  bulk  are  therefore  prime  candidates  and  sites  for 
exaggerated  grain  growth 


APPENDIX 

Filing  Four-Grain  Junctions  with  Inclusions 

Let  us  assume  that  the  average  grain  in  a  single-phase  poly¬ 
crystal  can  be  represented  by  a  polyhedron  with  tic  vertices  and  that 
this  average  configuration  is  unchanged  during  normal  grain 
growth.  Since  each  vertex  is  shared  by  four  grains,  rio/4  inclusions 
are  needed  to  fill  all  4- gram  junctions  per  grain.  The  powder  used 
to  fabricate  the  polycrystal  has  an  average  particle  diameter  Dm. 
We  now  introduce  a  second-phase  powder  with  an  average  particle 
diameter  D,  such  that  either  single  particles  or  panicle  clusters  will 
form  as  inclusions  located  at  the  4-grain  junctions,  i.e.,  positions 
of  lowest  free  energy .  We  assume  that  during  normal  grain  growth . 


the  inclusions  remain  at  4-grain  junctions  to  grow  by  coalescence 
such  that  the  size  ratio  of  the  two-phase  entities  tviz  .  cluster- 
panicles  or  inclusion  grains)  remains  constant  throughout  sintering 
and  subsequent  normal  grain  growth.  If  the  average  number  of 
second-phase  panicles  in  a  cluster  is  n,.  then  the  volume  fraction 
of  second-phase  panicles  (V',)  required  to  just  fill  all  4-grain  jun- 
lions  is 


which  can  be  rearranged  to 
1 


V,  = 


1  + 


non.  \  D,  J 


(A- 1 1 


(A-2i 


The  degree  of  clustering,  represented  by  n,  above,  will  depend  on 
how  well  the  two  powders  are  mixed  and  on  how  many  second- 
phase  particles  would  fit  in  the  interstices  formed  by  the  packing 
of  the  major-phase  panicles,  i.e.,  n,  might  be  expected  to  increase 
with  Dm/D, .  That  is.  the  probability  of  clustenng  will  increase  with 
Dm/D, .  i.e..  Vr  will  be  expected  to  be  a  weak  function  of  £>„,  D. 
above  a  given  value  of  Dm/D,  For  example,  if  the  major-phase 
panicles  were  monodispersed  spheres,  packed  together  w  ith  a  face 
centered-cubic  arrangement,  more  than  one  second-phase  panicle 
could  fill  an  octrahedral  interstice  when  D„/D,> 5.  Since  powder¬ 
packing  arrangements  usually  produce  larger  interstices  relative  to 
the  octrahedral  site  in  the  fee  arrangement,  one  might  consider 
Dm/D,  =  5  as  an  upper  limit  to  avoid  high  probabilities  of  clus¬ 
tering  and  therefore  redundant  additions  of  second-phase  panicles 
to  fill  all  4-grain  junctions  ** 

Using  Eq.  (A-2).  values  of  V,  were  calculated  for  two  average 
grain  configurations:  (1)  the  Kelvin,  tetrakaidecahedra  (14-sided. 
no  =  26)  used  to  fill  space  and  achieve  grain  boundaries  with  net 
zero  curvature  and  (2)  the  12-sided  polyhedron  (n<,  -  14i  formed 
by  deforming  spheres  with  an  fee  arrangement,  a  configuration 
commonly  used  to  represent  average  grains  in  a  polycry  stal  Using 
it,  =  1  and  D„/D  =  5.  V,  =  0.049  and  0.027  for  these  two  con¬ 
figurations.  respectively .  consistent  with  a  value  of  0  05  reported 
above  for  controlled  grain  growth 
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PROCESSING-RELATED  FRACTURE  ORIGINS: 

IV.  ELIMINATING  VOIDS  PRODUCED  BY  ORGANIC  INCLUSIONS 


F.F.  Lange,  B.I.  Davis  and  E.  Wright 
Structural  Ceramics 
Rockwell  International  Science  Center 
Thousand  Oaks,  CA  91360 


ABSTRACT 

Organic  inclusions  (e.g.,  lint)  produce  irregular-shaped  voids  ob¬ 
served  at  fracture  origins.  These  voids  can  be  eliminated  from  a  powder  com¬ 
pact  by  a  presintering  processing  step:  organic  burn-out  at  a  temperature 
prior  to  bulk  shrinkage  and  iso-pressing  at  room  temperature.  This  procedure 
was  demonstrated  for  the  case  of  voids  produced  by  polystyrene  spheres  (4  to 
100  nm  diameter). 
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Introduction 

The  potential  strength  of  a  ceramic  is  governed  by  both  fracture 
toughness,  i.e.,  the  material's  resistance  to  crack  extension  as  measured  by 
its  critical  stress  intensity  factor,  Kc,  and  flaw  populations  introduced  dur¬ 
ing  fabrication.  A  ceramic  with  a  high  K£  only  has  a  potential  for  higher 
strength.  Each  processing  step,  starting  with  powder  manufacture,  has  the  po¬ 
tential  of  introducing  a  strength  degrading  flaw  population.  Therefore,  the 
burden  of  producing  an  advanced  ceramic  with  reliable  high  strength  rests  with 
the  fabricator  who  must  find  new  and  reliable  processing  methods  that  elimi¬ 
nate  the  flaw  populations  Inherent  to  methods  used  to  fabricate  less  demand¬ 
ing,  traditional  ceramics. 

Background 

Figure  1  schematically  illustrates  the  sequence  of  flaw  populations 
vs  potential  strength  that  has  been  uncovered  during  our  investigation  of  cer¬ 
tain  pressureless  sintered,  transformation  toughened  Zr02  and  Al203/Zr02  ce¬ 
ramics.  This  particular  sequence  was  discovered  chronologically  by  observing 
fracture  origins,  identifying  the  inhomogeneity  at  the  fracture  origin,  relat¬ 
ing  the  Inhomogeneity  to  a  processing  cause,  and  then  eliminating  the  inhomo¬ 
geneity  through  changes  in  processing.  This  procedure  uncovers  the  next 
strength  limiting  flaw  population  observed  at  a  higher  mean  strength.  It 
should  be  noted  that  the  flaw  populations  are  overlapping,  making  cause  and 
effect  arguments  sometimes  difficult  to  identify.  Also,  processing  changes 
that  may  eliminate  one  population  (or  move  It  to  a  much  higher  mean  strength) 
may  Introduce  a  new,  more  degrading  population. 

Different  sequential  flaw  populations  may  be  observed,  depending  on 
the  material  system  and  the  starting  fabrication  method.  For  the  transforma¬ 
tion  toughened  materials  used  for  this  study,  grinding  Induces  a  phase  trans¬ 
formation  at  the  surface,  resulting  In  large  residual  surface  compressive 
1  2 

stresses  *  that  effectively  move  the  surface  crack  population  Introduced  by 
grinding  to  a  high  potential  strength  relative  to  more  conventional  ceramics. 
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Abnormally  large  grains,  a  flaw  population  common  to  other  ceramics,  are  not 
observed  in  the  present  materials.  The  well  distributed  Zr02  grains  within 
the  AloO^/Zrt^  composites  prevent  the  growth  of  abnormally  large  AI2O3 
grains. ^  Abnormal  grain  growth  is  not  observed  for  the  single  phase  tetra¬ 
gonal  Zr02  (+2.3  mole%  Y 2O3)  ceramic  sintered  at  1400°C;  at  higher  tempera¬ 
tures  (or  greater  Y203  content),  abnormal  grain  growth  is  prevented  by  a 
second  cubic  Zr02  phase.5 

The  sequence  of  flaw  populations,  shown  in  Fig.  1,  were  initially 
uncovered  using  a  series  of  Al^/ZrO;?  composite  powders  which  were  initially 
milled  to  break  down  agglomerates,  mixing  the  two  phases,  and  consolidated 
prior  to  sintering  by  dry  pressing.  It  was  determined5  that  large,  soft 
A1 203/Zr02  agglomerates  present  in  the  dry  powders  were  retained  during  con¬ 
solidation.  During  sintering,  the  agglomerates  shrunk  differently  relative  to 
their  surrounding  agglomerates  and/or  powder  matrix  to  produce  large  crack¬ 
like  voids  and  an  average  strength  of  560  MPa.  By  treating  the  same  powders 
with  a  surfactant  (pH  control)  to  break  apart  the  agglomerates  and  consoli¬ 
dating  from  the  colloidal  state  by  filtration  (slip  casting),  it  was  shown 
that  the  large  crack-like  voids  could  be  eliminated.  This  processing  change 
increased  the  average  strength  to  930  MPa,  and  a  new  flaw  population  was  then 
discovered. 

The  new  flaw  population  was  smaller  crack-like  voids  produced  by  Zr02 
hard  agglomerates,7  i.e.,  partially  sintered  agglomerates  produced  during  pow¬ 
der  manufacture,  that  could  not  be  broken  apart  with  a  surfactant.  Attempts 
to  break  down  the  hard  agglomerates  by  prolonged  ball-milling  were  not  accept¬ 
able,  viz.  a  few  remained  to  be  discovered  at  occasional  fracture  origins. 
Milling  also  introduced  excessive  Si02  contamination  and  changed  the  electro- 
chemistry  requirements  to  achieve  a  dispersed  state.  New  processing  steps 
were  then  sought  which  would  be  consistent  with  the  need  to  consolidate  from 
the  slurry  state. 

The  flow  chart  for  the  new  processing  steps  are  Illustrated  in  Fig.  2 
for  the  case  of  a  two  phase,  e.g.,  A1 203/Zr02  composite.  It  consists  of  sep- 
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arately  dispersing  each  as-received  powder,  sedimenting  to  eliminate  hard 
agglomerates  >  1  pm,  and  floccing  to  prevent  mass  segregation  during  storage. 
Floccing  also  increased  the  volume  fraction  of  the  particulate  phase  from 
<  0.02  to  between  0.07  and  0.15,  depending  on  the  powder  characteristics.  The 
flocced  slurry  has  the  consistency  and  rheology  of  latex  paint. 

Two-phase  mixtures  were  prepared  by  first  redispersing  each  phase 
separately  and  then  mixing  the  two  dispersed  phases  with  the  aid  of  an  ultra¬ 
sonic  horn.  For  the  case  of  the  A120.j  and  Zr02  powders,  both  could  be  dis¬ 
persed  at  pH  a  2  and  flocced  at  pH  *  7  to  9,  i.e.,  the  two  dispersed  phases 
could  be  mixed  without  producing  a  condition  of  heteroflocculation,  analogous 
to  mixing  two  rare  gases.*  The  two-phase  mixture  was  then  reflocced  to  pre¬ 
vent  mass  segregation  during  storage.  Consolidation  was  carried  out  by  slip 
casting  the  flocced,  two-phase  slurry  to  prevent  mass  segregation  and  density 
gradients  experienced  when  the  two-phase  mixture  was  cast  in  its  dispersed 
state.**  After  drying,  the  case  A1 2O3/3O  vol%  Zr02  (+2.3  m/o  Y203)  plates 
were  sintered  at  1600°C/h.  Zr02  (+2.5  m/o  Y203)  plates  were  also  fabricated 
with  the  same  method.  The  dried  Zr02  plates  were  sintered  at  1400°C/lh.  The 
drying  shrinkage  for  this  method  can  be  intolerable  for  most  applications 
because  the  volume  fraction  of  solids  in  the  flocced  slurry  is  <  0.15. 

Strength  measurements  of  initial  Al203/Zr02  material  fabricated  with 
the  above  method  showed  that  simple  immersion  of  the  ultrasonic  horn  into  the 
redispersed  slurries  was  insufficient  to  insure  complete  redispersion  and  two- 
phase  mixing.  Figure  3  shows  a  large  globular  Zr02  agglomerate  observed  at 
one  fracture  origin  Indicative  of  poor  redispersion  from  the  flocced  state. 
This  situation  was  remedied  by  passing  the  redispersed,  two-phase  slurry 


*  Recent  studies  have  shown  that  two  flocced  states  can  also  be  mixed  under 
the  action  of  high  shear  fields. 

**  Effort  to  Increase  the  volume  content  of  the  dispersed  state  by  evaporation 
led  to  the  reintroduction  of  large  crack-like  voids  produced  by  soft 
agglomerates  when  dried  slurry  on  the  container's  walls  would  flake  off 
and  fall  into  the  slurry. 


25 

C5852A/sn 


Rockwell  International 

Science  Center 


SC5295.3AR 


through  a  small  chamber  containing  the  ultrasonic  horn.  The  average  strengths 
of  Al203/Zr02  and  Zr02  materials  fabricated  by  this  method  were  1045  MPa  and 
1030  MPa,  respectively. 

Failure  origins  now  appeared  to  be  irregularly  shaped  voids.  The 
serpentine  shape,  which  Included  a  low  density  skeletal  'backbone'*  of  some  of 
these  voids  (shown  in  Fig.  4)  strongly  suggested  that  this  flaw  population  was 
associated  with  organic  inclusions  (e.g.,  lint).  Although  lint  problems  might 
be  avoided  with  clean  room  processing,  our  experience  indicates  that  powders 
are  shipped  from  manufacturers  already  contain  such  organic  inclusions.  Thus, 
a  new  processing  method  was  sought  to  avoid  the  voids  produced  by  organic  in¬ 
clusions,  consistent  with  slurry  processing  required  to  avoid  large  crack-like 
voids  produced  by  the  differential  sintering  of  agglomerates. 

This  new  processing  step  was  developed  by  reasoning  that  one  could 
burn  the  organic  inclusions  out  of  a  dried,  consolidated  body  at  a  temperature 
prior  to  bulk  shrinkage.  Voids  left  by  the  organic  inclusions  could  then  be 
closed  by  iso-pressing  at  room  temperature. 

This  processing  step  was  implemented  for  the  single-phase  Zr02 
(+2.3  m/o  Y203)  plates  fabricated  by  the  colloidal /sedimentation  steps  dis¬ 
cussed  above.  The  bulk  density  of  the  dried  plates,  consolidated  by  filtra¬ 
tion  (slip  casting),  the  flocced  slurry  was  33%  of  theoretical  (pt  * 

6.07  gm/cm^).  The  dried  plates  were  heated  to  800°C  (bulk  densification 
initiated  at  ~  900°C)  for  16  h  in  an  air  furnace.  After  cooling,  the  plates 
were  iso-pressed  at  350  MPa,  which  Increased  the  bulk  density  to  48%  of  the¬ 
oretical  and  sintered  at  1400°C/1  h.  With  the  added  step  of  organic  burn-out 
and  Iso-pressing  prior  to  sintering,  the  average  flexural  strength  was  in¬ 
creased  from  1030  MPa  to  1340  MPa.  It  should  be  added  that  one  specimen,  not 
Included  In  this  average,  did  not  fail  when  the  load  cell  of  the  testing 


*  Experience  with  unpregrating  celulose  fibers  with  oxide  precursors  has 
shown  that  a  partially  sintered  skeletal  framework  can  be  produced. 
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machine  was  exceeded  by  ~  10%.  Its  flexural  strength  must  exceed  2210  MPa  (it 
was  retired  from  active  service  to  avoid  the  high  probabiity  of  a  second  test 
disappointment). 

Examination  of  the  new  failure  origins  showed  failure  initiated  at 
the  surface,  but  no  identifiable  clue  was  found  to  define  the  exact  inhomo¬ 
geneity  that  initiated  failure.  It  was  presumed  that  the  new  flaw  population 
governing  potential  strength  was  surface  cracks  introduced  during  machining. 

The  foregoing  strength/processing  relations  are  summarized  in  Table 
I.  The  same  starting  powders  and  sintering  conditions  were  held  constant 
throughout  this  study.  With  the  exception  of  the  inhomogeneities  removed  by 
improved  processing  and  only  evident  upon  failure,  microstructures  (viz.  grain 
size  and  phase  distribution)  appeared  to  remain  constant  as  did  the  critical 
stress  intensity  factor,  Kc.  Although  it  might  be  rightly  argued  that  the 
processing  steps  taken  to  uncover  different  flaw  populations  which  progres¬ 
sively  increased  mean  strength  are  not  currently  amenable  to  economic  proc¬ 
essing,  and  that  a  post-sintering  HIP  treatment  may  eliminate  most  of  the  dif¬ 
ferent  void  populations  uncovered  here,  it  is  evident  that  new  fabrication 
routes  based  on  colloidal/slurry  processing  will  become  economic  to  fabricate 
reliable,  advanced  ceramics. 

With  this  background,  an  experimental  program  was  undertaken  to  de¬ 
termine  if  voids  produced  by  organic  burn-out  could  be  eliminated  by  iso- 
pressing,  as  suggested  in  the  last  processing  step. 

Experimental  Procedure 

Polystyrene  spheres*  (~  1  v/o)  of  a  well-defined  size  distribution 

A 

were  Introduced  into  a  flocced  two-phase  AlgO^  +  10  v/o  Zr0£  (+6.6  m/o  YgOg) 


*  Ouke  Scientific,  Palo  Alto,  CA  94306 


27 

C5852A/sn 


Rockwell  International 

Science  Center 


SC5295.3AR 


Table  I 


Average  Flexural  Strength  (MPa)  and  Strength  Range  (in  brackets) 
for  Different  Pressureless  Sintered  Processing  Methods 


Material 

K  * 

(MPa»m1/2) 

Dry 

Press 

Colloidal 

Filtration 

Sedimentation 

Filtration 

Organic 

Burn-Out 

Iso-Press 

AI2O3/30  v/o 

Zr02  (2.5  m/o  Y203) 

6.9 

560 

(490-590) 

895 

(825-965) 

1045 

(955-1160) 

— 

Zr02  (2.3  m/o  Y2O3) 

5.8 

— 

— 

1030** 

(825-1300) 

1340** 

(1240-1440)* 

*  Determined  by  indentation  technique  (20  Kgm  load);  Evans  and  Charles^  analysis; 
Kc  was  independent  of  processing  method. 

**  Due  to  the  large  shrinkage  during  drying  and  sintering,  specimens  were  fractured 
in  3  pt  bending  (outer  span  *  2.03  cm).  All  other  specimens  fractured  in  4  pt 
bending  (outer  span  =  2.54  cm,  inner  span  1.27  cm), 
t  One  specimen,  not  included  in  average  did  not  fail  at  a  stress  of  2210  MPa  (load 
cell  capacity  exceeded  by  ~  10%). 


slurry.  The  polystyrene  spheres  were  chosen  as  organic  inclusions  because 
they  produce  well -recognized  voids  after  sintering.  Different  specimens  were 
prepared  with  different  sphere  diameters  (viz.  mean  diameters  of  4  pm,  10  pm, 
25  pm,  50  pm  and  100  pm,  with  standard  deviations  of  <  10%).  Previous 

O 

studies  have  shown  that  voids  produced  by  spheres  as  small  as  1  pm,  intro¬ 
duced  into  the  same  powders  used  here,  shrink  during  sintering,  but  do  not 
disappear  until  the  grain  size  to  sphere  size  ratio  is  >  1.5. 

Both  the  AI2O3  and  ZrOg  powders  were  separately  dispersed  in  water 
(pH  2),  sedimented  to  remove  particles  (and  hard  agglomerates)  >  1  pm,  flocced 
for  storage  (pH  8),  redispersed  for  mixing,  and  then  coflocced  prior  to  con¬ 
solidation,  as  described  in  the  previous  section.  The  polystyrene  spheres 
(~  1  v/o)  were  dispersed  into  the  flocced  mixture  with  the  aid  of  an 
ultrasonic  horn;  the  high  viscosity  of  the  flocced  mixture  prevented  the 
spheres  from  segregating  after  mixing.  Disc  specimens  were  fabricated  by  slip 
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casting  the  flocced  mixture  and  drying.  Specimens  were  also  prepared  that  did 
not  contain  spheres  to  determine  bulk  density  as  a  function  of  iso-pressure. 

Specimens  from  each  sphere  diameter  series  were  heated  to  800°C/16  h, 
cooled  to  room  temperature,  iso-pressed  at  pressures  ranging  from  0  to 
350  MPa,  and  then  sintered  at  1600°C/1  h.  The  change  in  bulk  density  produced 
by  iso-pressing  was  measured  (dimension  and  weight)  on  material  not  sintered. 
After  sintering,  the  specimens  were  diamond-ground  and  polished  to  reveal  the 
morphology  of  the  voids  produced  by  the  organic  burn-out/iso-pressing  proces¬ 
sing  step. 

Observations 

Figure  5  Illustrates  that  iso-pressing  to  350  MPa  continually  in¬ 
creases  the  relative  density  of  the  dried,  as-cast  compact  from  0.42  to  0.67, 
whereas  pressures  >  70  MPa  are  required  to  increase  the  bulk  density  of  the 
compacts  heat-treated  at  800°C/16  h.  Heat  treatment  at  800°C  also  limited  the 
bulk  density  change. 

Observations  concerning  the  effect  of  iso-pressing  on  pore  morphol¬ 
ogies  are  as  follows.  Surface  grinding  resulted  in  grain  pull-out  which  was 
difficult  to  completely  remove  by  surface  polishing.  It  was  therefore  diffi¬ 
cult  to  unambiguously  follow  the  morphology  changes  of  the  voids  produced  by 
the  4  pm  and  10  pm  spheres  as  easily  as  the  larger  voids. 

Changes  In  void  morphology  produced  by  the  25  pm  and  50  pm  spheres 
are  typical  to  those  shown  In  Fig.  6.  Up  to  an  iso-pressure  of  ~  70  MPa 
(applied  after  the  800°C  burn-out),  the  spherical  voids  remained  intact.  At 
pressures  >  100  MPa,  the  deformation  produced  instabilites  causing  multiple 
particle  packing  units  to  dislocate  at  the  void  Interface.  With  increasing 
pressure,  more  packing  units  dislocate  to  fill  more  of  the  void  volume.  At 
Intermediate  pressures,  the  void  volume  Is  only  partially  filled,  producing 
what  appears  to  be  a  low  density  Inclusion  after  sintering.  At  the  highest 
pressure  (350  MPa),  most,  but  not  all,  voids  had  been  apparently  sufficiently 
filled  to  disappear  during  sintering.  Thus,  at  pressures  >  150  MPa,  fewer  and 
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fewer  voids  are  observed  on  the  polished,  sintered  surfaces.  It  is  presumed 
that  the  same  phemonena  occurred  for  the  voids  produced  by  the  smaller  spheres 
(4  ^m  and  10  pm),  except  less  deformation  may  be  required  to  completely  fill 
the  voids. 

The  phenomena  produced  by  the  100  pm  spheres  was  somewhat  different. 
First,  as  shown  In  Fig.  7,  radial  cracks  were  produced  when  the  flocced-cast 
matrix  dried  and  shrank  upon  the  spheres.  Such  drying  cracks  were  not  ob¬ 
served  for  the  smaller  spheres.  Iso-pressing  first  initiated  crack  closure 
and  partial  sintering  at  ~  70  W’a.  Faint  traces  of  partial  cracks,  as  ob¬ 
served  by  a  broken  line  of  pores,  were  still  observed  after  iso-pressing  at 
280  MPa.  Second,  instabilities  around  the  void  created  by  the  iso-pressing 
were  not  uniform  and  appeared  to  cause  a  'caved-in'  morphology  at  low  pres¬ 
sures  (100  to  150  MPa)  and  resulted  in  a  semi -spherical  void  at  higher  pres¬ 
sures  (>  200  MPa).  Since  the  size  of  the  ’caved-in'  morphology  was  larger 
than  the  original  voids,  it  might  be  expected  that  the  radial  cracks  influ¬ 
enced  the  Inhomogeneous  powder  flow  pattern  that  produced  these  morphologies. 

Discussion 

The  experimental  study  has  shown  that  smaller  voids  produced  by 
organic  inclusions  can  be  minimized  (or  eliminated)  by  a  presintering,  burn¬ 
out/iso-pressing  treatment,  as  suggested  by  previous  processing/strength  re¬ 
lations.  Burn-out  temperatures  <  800°C  would  be  expected  to  produce  similar 
results  while  maintaining  a  powder  compact  with  a  lower  compliance. 

The  void/1 so-pressing  study  was  also  Instructive  in  other  ways. 

First,  the  heat  treatment  at  ~  200°C  below  the  temperature  where  bulk  shrink¬ 
ages  Initiate,  produces  sufficient  Interparticle  bonds  (i.e.,  partial  sinter¬ 
ing  without  bulk  shrinkage)  to  prevent  an  Increase  in  bulk  density  until  a 
pressure  >  100  MPa  is  applied  during  Iso-pressing.  This  observation  Is  con¬ 
sistent  with  other  observations  showing  a  redistribution  of  pores  prior  to 
bulk  shrinkage,  which  Implies  that  some  multiple  particle  packing  units 
densify  at  low  temperatures. 
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Second,  it  was  previously  suggested  that  more  tightly  bound,  multiple 
particle  packing  units  were  the  first  to  move  when  the  bulk  density  of  a  pow¬ 
der  compact  was  increased  by  external  forces.*®  The  void  filling  process  ob¬ 
served  here  is  consistent  with  this  suggestion. 

Third,  it  was  noted  that  only  the  largest  spheres  resulted  in  radial 
cracks  during  drying.  This  situation  is  directly  analogous  to  the  inclusion 
problem,  where  differential  strains  are  developed  by  thermal  expansion  mis¬ 
match.  A  thermodynamic  analysis  shows  that  microcracks  will  only  extend  from 
an  inclusion  when  the  size  of  the  inclusion  exceeds  a  critical  value.1*  The 
analysis  also  applies,  in  principal,  to  the  case  where  a  drying  powder  matrix 
shrinks  around  a  solid,  organic  inclusion.  For  the  case  examined  here,  criti¬ 
cal  diameter  is  >  50  ^m.  Thus,  large  organic  inclusions  can  result  in  large 
cracks,  as  shown  in  Fig.  7,  when  their  size  is  greater  than  a  critical  value. 
The  critical  size  will  be  dependent  on  the  amount  of  drying  shrinkage  and  the 
viscoelastic  properties  of  the  drying  powder  compact. 
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Fig.  2  Flow  chart  for  processing  multiphase  powder  composites  which  minimize 
agglomerate  size. 
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Large,  soft  Zr02  globular  agglomerate  at  fracture  origin: 
a)  secondary  electrons,  b)  backscattered  electrons. 
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Fig.  4  Void  produced  by  an  organic  inclusion  at  fracture  origin  in 
a  Alo0o/Zr0,,  composite. 
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Increase  in  hulk  density  as  a  function  of  iso-pressure  for  both  as- 
cast  and  presintered  (800°C)  powder  compacts. 
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Fig.  6  Morphology  changes  of  voids  produced  by  50  Mm  spheres  at  different 
iso-pressures  on  sintered  (1600°C/1  h),  polished  surfaces. 
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Fig.  7  Effect  of  iso-pressure  on  voids  produced  by  100  m  spheres. 
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PHASE  DISTRIBUTION  STUDIES  USING  ENERGY  DISPERSIVE 
X-RAY  SPECTRA  ANALYSIS 


F.F.  Lange  and  M.M.  Hirlinger* 
Structural  Ceramics  Group 
Rockwell  International  Science  Center 
Thousand  Oaks,  CA  91360 


ABSTRACT 

A  preliminary  study  was  undertaken  to  determine  if  EDAX  spectra,  ob¬ 
tained  at  different  magnifications,  might  be  used  to  define  the  phase  distri¬ 
bution  in  a  multiphase  material.  A^Oj/Zrt^  composites  were  used  for  the 
study.  EDAX  spectra  were  acquired  for  a  number  of  arbitrarily  selected  areas 
at  each  magnification  using  a  commercial  scanning  electron  mlcroscope/x-ray 
detector/multichannel  analyzer  system.  A  statistical  analysis  of  the  spectra 
showed  that  the  deviation  from  the  mean  phase  distribution  increased  with  mag¬ 
nification.  These  results  showed  that  the  smallest  area  that  contained  the 
same  phase  distribution  as  the  whole  specimen  could  be  defined  if  one  first 
defines  an  acceptable  deviation  from  the  mean.  Spectra  acquired  for  the  same 
area  suggest  that  an  acceptable  deviation  is  5%  of  the  mean.  Within  the  lim¬ 
its  of  multielement  detectability,  these  preliminary  results  strongly  suggest 
that  this  EDAX  method  could  be  used  as  a  quality  assurance  tool  throughout  the 
processing  and  fabrication  of  a  multiphase  material. 


*  Margret  Hirlinger  Is  an  undergraduate  student  In  the  Physics  Department 
at  MIT. 


40 

C5852A/sn 


Rockwell  International 

Science  Center 


SC 5295. 3 AR 


1.0  INTRODUCTION 

The  distribution  of  second  phases  incorporated  to  aid  densifi cation, 
control  microstructure  and/or  to  achieve  desired  properties  is  a  critical 
issue  in  ceramics.  Quantitative  sterology  is  certainly  a  well  developed 
science,  but  unless  the  observer  is  subjective,  the  techniques  are  labor- 
intensive,  since  electron  microscopy  is  required  to  observe  the  microstruc¬ 
tures  of  advanced  ceramics.  It  is  reasonable  to  suspect  that  information  pro¬ 
duced  by  a  scanning  electron  beam  other  than  phase  contrast  could  be  used  to 
automate  phase  distribution  determinations.  In  many  cases,  the  chemistry  of 
different  phases  within  a  multiphase  ceramic  is  sufficiently  different  to  en¬ 
able  phase  identification  by  energy  dispersion  x-ray  analysis  (EDAX),  a  common 
tool  used  in  conjunction  with  a  scanning  electron  microscope  (SEM).  In  prac¬ 
tice,  phase  identification  with  EDAX  is  carried  out  by  increasing  the  magni¬ 
fication  until  the  area  scanned  by  electrons  is  within  the  phase  area  to  be 
identified.  If  one  were  to  reduce  the  magnification  from  this  point  (i.e., 
increase  the  area  scanned),  other  phases  will  begin  to  contribute  to  the  EDAX 
spectrum.  In  principal,  if  one  were  to  continue  to  reduce  the  magnification, 
a  spectrum  will  be  obtained  from  an  area  that  represents  the  phase  distribu¬ 
tion  of  the  total  sectioned  specimen  area.  This  concept  suggests  that  by  ob¬ 
taining  EDAX  spectra  at  different  magnifications,  one  might  be  able  to  define 
the  smallest  area  (or  volume  element)  which  contains  the  phase  distribution 
that  represents  the  whole  specimen. 

An  Investigation  was  initiated  to  study  this  concept.  Two  phase 
Al203/Zr02  composites  were  chosen  for  this  investigation,  since  the  strongest 
spectral  peaks  for  the  elements  aluminum  and  zirconia  are  conveniently  close 
in  energy  (A1  Kaj  *  1.49  eV  and  Zr^jj  *  2.04  eV),  but  not  overlapping.  Four 
different  compositions  were  analyzed:  three  (containing  1,  10  and  40  v/o  Zr02) 
were  processed  by  a  colloid  consolidation  technique  expected  to  produce  a  uni¬ 
form  dispersion,  and  the  fourth  (containing  30  v/o  ZrOg)  was  processed  to  en¬ 
sure  a  poor  phase  distribution.  Statistical  information  was  obtained  at  dif¬ 
ferent  magnifications  to  determine  the  validity  of  the  method  and  to  establish 
a  technique  to  use  the  concept. 
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2.0  EXPERIMENTAL  PROCEDURE 

2.1  Material  Specimen  Preparation 

The  AI2O3*  and  ZrOg**  powders  used  to  fabricate  three  of  the  mate¬ 
rials  (composites  containing  1,  10  and  40  v/o  ZK^)  were  prepared,  mixed  and 
consolidated  by  a  colloidal  method  to  help  insure  a  uniform  phase  distribu¬ 
tion.*  To  produce  a  nonuniform  phase  mixture,  powders  for  the  fourth  material 
(A1 2^3/30  v/o  ZrOg)  were  simply  mixed  with  a  mortar  and  pestle  and  consoli¬ 
dated  into  a  cylindrical  shape.  All  materials  were  sintered  at  1600°C  for 
2  h. 

The  colloidal  method  Involves  separately  dispersing  each  as-received 
powder  in  a  fluid,  sedimenting  to  eliminate  agglomerates  >  1  m,  mixing  the 
two  particulate  dispersions  together,  floccing  the  two  phase  dispersion  to 
prevent  segregation,  consolidating  to  form  a  specimen  shape,  drying  to  elim¬ 
inate  the  fluid  phase  from  the  specimen,  and  then  sintering.  This  method  has 
been  detailed  elsewhere2  for  fabrication  of  A^Oj/Zri^  composites  used  for 
grain  growth  studies. 

The  dense,  sintered  materials  were  sectioned,  polished  and  then  ther¬ 
mally  etched  at  1550°C  for  1  h  to  reveal  grain  and  phase  boundaries.  Figure  1 
Illustrates  the  microstructures  and  the  general  phase  distribution  of  the  four 
materials.  The  polished  specimens  were  carbon  coated  for  the  EDAX  study. 


*  ALCOA  A16S6 
**  Zincar  Inc. 
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2.2  EDAX  Study 

The  SEM,*  x-ray  detector,**  EDAX  spectrometer,  multichannel  analysis 
system***  used  for  this  study  were  nonaltered,  commercial  instruments  used  in 
their  usual  mode  of  operation.  The  carbon  coated  specimen  and  detector  were 
positioned  to  optimize  SEM  viewing  and  the  acquiring  of  x-ray  spectra  for 
analysis.  The  filament  voltage  was  20  KVA.  The  sensitivity  of  the  multichan¬ 
nel  analyzer  was  selected  as  10  eV  per  channel.  Focusing  was  carried  out  at 
high  magnification  (usually  10.000X)  before  a  magnification  and  a  random  area 
was  selected  for  EDAX  data  acquisition.  Spectra  were  acquired  for  a  period  of 
100  s.  Using  available  software,  each  spectrum  was  analyzed  by  first  defining 
the  background  curve  fitting  with  channel  positions  in  the  range  between  1.0 
to  3.2  keV,  which  did  not  record  the  spectral  peaks  of  either  A1  or  Zr,  and 
then  stripping  this  background  from  the  acquired  spectrum.  After  stripping 
the  background,  the  number  of  x-ray  photons  (counts)  were  integrated  between 
1.34  keV  and  1.64  keV,  and  1.89  keV  and  2.19  keV  to  determine  the  integrated 
peak  intensity  fo  the  AlKttl  and  ZrLpj  peaks,  respectively. 

The  fractional  ratio  of  these  two  integrated  peak  intensities 
(Z/(A+Z))  were  used  in  subsequent  analyses  for  characterizing  the  phase  homo¬ 
geneity.  A  number  of  spectra  that  were  obtained  at  the  same  magnification 
areas  were  selected  by  randomly  moving  the  specimen.  An  attempt  was  made  to 
sufficiently  move  the  specimen  so  that  the  new  area  to  be  examined  did  not 
overlap  a  previous  area.  Since  single  specimens  of  each  material  were  used  in 
this  preliminary  analysis  of  the  technique,  the  number  of  nonoverlapping  areas 
that  could  be  examined  at  lower  magnifications  was  reduced  due  to  the  specimen 
size  (approximately  5  mm  x  5  mm).  After  acquiring  numerous  spectra  at  differ¬ 
ent  magnifications,  the  data  were  analyzed  to  determine  the  usefulness  of  the 
proposed  analytical  tool. 


*  ETEC  Auto  Scan 
**  Princeton  Gamma  Tech 
***  Kevex 
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The  relation  between  the  area  scanned  (A)  and  magnification  (M)  was 
9  2  2 

determined  to  be  A  =  . 

Results 

Table  1  reports  the  statistical  data  obtained  from  the  four  mate¬ 
rials.  Figure  2  illustrates  the  standard  deviation*  of  Z/(Z+A)  normalized  by 
its  mean  value  plotted  against  magnification.  Both  Table  1  and  Fig.  2  illus¬ 
trate  that  SD  increases  with  magnification.  Figure  2  also  illustrates  that 
the  deviation  from  the  mean  distribution  increases  more  rapidly  with  decreas¬ 
ing  Zr02  content.  As  reported  in  Table  1,  the  deviation  from  the  mean  phase 
distribution  can  be  <  2%  when  the  phase  distribution  is  determined  by  a  series 
of  different  area  scans  at  low  magnification.  Repeated  scans  of  the  same  area 
(data  not  given  in  Table  1)  indicated  that  the  deviation  from  the  mean  was 
<  4%. 

Data  represented  in  Fig.  2  show  that  the  deviation  from  the  mean 
gradually  increases  with  increasing  magnification.  Definition  of  the  smallest 
area  that  represents  the  mean  phase  distribution  is  therefore  subjective. 

That  is,  one  can  only  choose  an  area  that  represents  the  mean  phase  distribu¬ 
tion  by  first  choosing  a  deviation  from  the  mean.  For  example,  one  might 
choose  a  deviation  of  5%  of  the  mean.  The  smallest  area  which  represents  the 
mean  distribution  within  a  deviation  of  ±  5%  can  then  be  defined  with  the  data 
shown  in  Fig.  2.  Using  this  choice,  the  smallest  area  can  be  defined  for  the 
10  v/o  and  40  v/o  Zr02  materials  as  (30  ^m)2  and  (18  ^m)2,  respectively. 


*  The  calculation  of  the  standard  deviation  assumes  a  Gaussian  distribution  of 
Z/(Z+A).  Analysis  show  that  the  Z/(Z+A)  distribution  can  strongly  deviate 
from  a  Gaussian  distribution  at  high  magnifications.  This  deviation  is 
reflected  by  large  deviations  of  the  mean  value  of  Z/(Z+A)  relative  to  the 
mean  value  obtained  at  lower  magnifications  as  shown  in  Table  1. 


44 

C5852A/sn 


9 


Rockwell  International 

Science  Canter 


I  ' 


SC5295.3AR 


Table  1 

Statistical  EDAX  Data 


Material 

Number  of 

Mean  A1 

Mean  Zr 

Mean 

Standard 

(v/o  Zr02) 

Magnification  Spectra 

(Counts) 

(Counts) 

Fraction 

Deviation  SD/Mean 

1 

1. 

5. 

10, 

20, 

50, 

.3851 

.3761 

.3761 

.3701 

.3814 

.3718 

.3732 

.3630 

.3229 

.3466 

.3077 

.3011 

.3614 

.4174 

.3300 


.0013 

.0022 

.0036 

.0063 

.013 

.017 

.0018 

.0025 

.0046 

.0075 

.0128 

.0240 

.0457 

.0800 

.0952 

.0085 

.0196 

.0265 

.0291 

.0562 

.0606 

.0943 

.1294 

.0312 

.0686 

.1020 

.1825 

.1956 

.2540 

.2627 


0.152 

0.282 

0.581 

0.858 

1.389 

2.20 

0.016 

0.023 

0.042 

0.063 

0.118 

0.233 

0.383 

0.859 

1.085 

0.022 

0.052 
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Discussion 

An  investigation  was  undertaken  to  determine  if  EDAX  could  be  used  to 
define  the  phase  distribution  of  a  polyphase  material.  The  results  suggest 
that  if  one  first  chooses  a  deviation  from  the  mean  value,  the  smallest  area 
can  be  defined  which  represents  the  mean  phase  distribution  for  the  chosen 
deviation.  In  this  manner,  materials  of  the  same  nominal  phase  content  can  be 
compared  to  one  another  to  determine  their  relative  phase  distributions. 

The  technique  used  for  this  investigation  was  manual  and,  therefore, 
very  labor-intensive.  In  addition,  data  were  collected  over  a  large  range  of 
magnification,  which  was  necessary  to  show  the  increase  in  deviation  for  the 
current  investigation,  but  is  not  necessary  to  define  the  smallest  area  which 
represents  the  phase  distribution  within  the  chosen  deviation.  With  the  pos¬ 
sible  exception  of  specimen  mounting  and  initial  focusing,  all  of  the  manual 
operations  used  here  can  be  automated,  i.e.,  area  selection  and  magnification 
change.  Once  a  deviation  from  the  mean  Is  chosen,  the  range  of  magnifications 
needed  and  the  number  of  area  scans  could  be  significantly  reduced  to  obtain 
the  desired  information.  With  these  changes,  it  is  reasonable  to  suggest  that 
the  EDAX  technique  outlined  here  could  be  used  to  define  the  phase  distribu¬ 
tion  of  a  material  which  could  be  used  as  a  quality  inspection  tool  during  the 
manufacture  of  a  polyphase  material  in  either  its  consolidated  powder  state  or 
dense,  fired  state. 
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Fig.  1  Backscatter  SEM  micrographs  of  the  four  materials  used  in  the  study. 


48 


AREA  SCANNED  ( |tm) 


Rockwell  International 

Science  Center 


1N3IN3UDSV3IN  INOUd  NOI1VIA3Q  % 


Percent  standard  deviation  from  themean  phase  distributions  vs 
magnification  (or  area  scanned)  for  the  four  material  used  in  the 
study. 
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EFFECTS  OF  ATTRITION  MILLING  AND  POST-SINTERING  HEAT  TREATMENT  ON 
FABRICATION,  MICROSTRUCTURE  AND  PROPERTIES  OF 
TRANSFORMATION  TOUGHENED  ZrO 
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ABSTRACT 

The  effect  of  attrition  milling  and  post-sintering  heat  treatment  on 
the  fabrication,  phase  relations,  microstructure  and  properties  of  Zr02 
(+  2.2  v/o  Y2O3)  powder  used  to  produce  a  transformation  toughened  material 
was  examined.  Powder  used  to  fabricate  the  unmilled  material  was  treated  and 
consolidated  by  a  colloidal  method.  The  same  powder,  treated  and  consolidated 
by  the  same  method,  but  ball-milled  in  a  commercial  alumina  mill  before  con¬ 
solidation,  was  used  to  fabricate  the  milled  material.  Both  materials  were 
sintered  at  1400°C/1  h  and  then  heat  treated  at  higher  temperatures.  Milling 
introduced  AI2O3  inclusions  (<  1  vol%)  and  a  glass  phase  (7  to  10  vol%).  The 
milled  powder  was  more  difficult  to  sinter  and  exhibited  more  bloating  during 
heat  treatment.  TEM  observations  indicated  that  the  larger  glass  content  of 
the  milled  material  beneficially  reduced  residual  stresses  that  arose  due  to 
thermal  contraction  anisotropy.  A  limited  A1  solid-solubility  in  the  Zr02 
structure  was  suspected  to  cause  the  milled  material  to  enter  the  two  phase 
(tetragonal  and  cubic)  field  at  a  lower  heat  treatment  temperature  than  ob¬ 
served  for  the  unmilled  material. 
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Upon  entering  the  two-phase  region,  large  (presumably  cubic)  grain 
heterogeneously  nucleated  to  produce  a  bimodal  grain  size  distribution  which 
was  more  pronounced  on  the  surface  of  the  heat  treated,  milled  materials. 

Large  pores  produced  during  heat  treatment  in  the  two-phase  field  were  coordi¬ 
nated  by  larger  grains.  It  is  hypothesized  that  the  pores  were  produced  by 
the  release  of  high  pressure  oxygen  during  phase  decomposition. 

Both  fracture  toughness  (Kc)  and  hardness  of  dense,  as-sintered  mate¬ 
rials  were  unaffected  by  milling  (contamination  with  AI2O3  and  glass).  Hard¬ 
ness  decreased  with  bloating  and  the  decrease  was  more  pronounced  for  the 
milled  material.  The  tetragonal  to  monoclinic  transformation  was  spontaneous 
in  both  materials  after  heat  treating  in  air  at  250°C/16  h.  This  unwanted 
transformation  phenomena  was  not  observed  in  vacuum,  suggesting  it  is  caused 
by  a  reactant  present  in  air,  e.g.,  water  vapor. 
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1.  Introduction 

Attrition  milling,  e.g.,  ball  milling,  vibro  milling,  etc.,  is  a  cus¬ 
tomary  step  practiced  in  both  the  research  laboratory  and  the  factory  to  pre¬ 
pare  ceramic  powders  for  subsequent  steps  in  fabricating  dense  shapes  by  sin-  T 

tering.  This  practice,  originally  devised  by  manufacturers  of  traditional 
ceramics  (e.g.,  white  wares,  refractories,  etc.),  was  the  last  stage  of  par¬ 
ticle  size  reduction  and  was  also  used  to  mix  the  mined,  raw  materials  in 
preparation  for  forming  the  desired  powder  shapes  that  could  be  sintered  at  a  > 

reasonable  temperature.  For  traditional  ceramics,  impurities  introduced  dur¬ 
ing  attrition  milling  were  usually  insignificant  relative  to  impurities 
already  present  in  the  raw  materials.  Today,  advanced  ceramics  are  being  de¬ 
veloped  for  applications  ranging  from  electronic  packaging  to  advance  heat  I 

engines.  Powders  used  for  these  new  ceramics  are  commonly  produced  from  puri¬ 
fied  reactants  (e.g.,  gases,  liquids,  hydroxides,  alkoxides,  etc.).  Although 
the  crystallite  size  of  these  purer  powders  can  be  <  1  (im,  attrition  milling 
is  still  used  to  break  apart  hard  agglomerates  formed  by  partial  sintering  of 
the  crystallites  at  the  reaction  temperature,  and  also  for  mixing  of  second 
phases.  The  reduction  of  agglomerate  size  is  necessary  not  only  to  increase 
sinterability,  but  also  to  eliminate  (or  reduce)  the  crack -like  voids  produced 
by  the  differential  shrinkage  of  agglomerates  relative  to  the  surrounding  pow-  | 

der.  For  these  new  powders,  impurities  introduced  during  attrition  milling 
can  be  significant  relative  to  the  unmilled  powder. 

Alternate  powder  treatments,  based  on  the  sedimentation  of  dilute 
powder/11 quid,  colloidal  suspensions,  can  be  used  to  eliminate  agglomerates  * 

greater  than  a  chosen  size.1  Experience  suggests  that  this  method  results  in 
a  greater  probability  that  agglomerates  will  be  eliminated  relative  to  mil¬ 
ling.  One  might  also  suspect  that  this  colloidal  treatment  would  also  result 
in  fewer  impurities.  To  test  this  hypothesis  and  to  determine  the  influence  * 

of  Impurities  Introduced  by  milling  on  fabrication  and  properties,  a  study  was 
Initiated  to  compare  materials  fabricated  by  the  colloidal /sedimentation 
method  to  the  conversional  method  of  attrition  milling. 

L 
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A  zirconia  powder  containing  2.3  mole%  Y2O3  was  chosen  for  this 
study,  since  it  can  produce  a  strong,  transformation  toughened  material.  A 
commercial  AI2O3  based  ball  mill  and  milling  media*  were  used  because  of  its 
common  use  throughout  the  ceramic  industry  and  in  research  laboratories.  The 
AI2O3  used  to  fabricate  these  mills  contains  a  silicous  glass.**  Studies  of 
materials  produced  by  the  two  powder  treatment  methods  included  effects  of 
contaminants  on  phase  relations,  the  low  temperature  degradation  effect  in 
Zr02-Y2^3  transformation  toughened  materials,  microstructural  changes,  frac¬ 
ture  toughness  and  high  resolution  microscopy. 

Experimental 

The  as-received  Zr02  powder  used  for  this  study  contained  large,  hard 
agglomerates  produced  during  the  conversion  of  ZrOC^  plus  a  soluble  salt  to  a 
Zr(l-x)Yx^2-x  =  0,045  or  Z*3  nolet^Oj)  powder  at  elevated  temperatures. 

The  powder  aTso  contained  large,  soft  agglomerates.  A  colloidal  treatment  was 
used  to  break  apart  the  soft  agglomerates  and  to  eliminate  large,  hard  agglom¬ 
erates.  This  treatment  was  used  to  prepare  powder  for  both  the  unmilled  and 
milled  materials. 

The  colloidal  treatment1  involved  dispersing  the  as-received  powder 
in  sufficient  water  to  obtain  3  vol%  solids  at  pH  =  2  with  HC1,  sedimenting 
the  dispersion  three  times  to  eliminate  all  particles  and  hard  agglomerates 
>  1  m,  and  then  spontaneously  floccing  the  suspension  containing  particles 
and  hard  agglomerates  <1  m  by  changing  the  pH  to  7  with  additions  of  NH3OH. 
Floccing  concentrates  the  solids  and  prevents  further  mass  segregation  due  to 
sedimentation  during  storage.  Excessive  salts  due  to  HC 1  and  NH3OH  additions 
were  minimized  by  repeated  washing  of  the  flocced  material.  Washing  was  per- 


*  Norton  Co.,  Akron,  OH,  85%  A1  0  ,  11%  S10  ,  1.2%  CaO,  2.0%  MgO. 

**  Purer  A1  0  mills  and  media  are  large  grain  materials  and  wear  at  an 
unacceptable  rate. 
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formed  after  floccing  by  removing  the  clear  supernate,  adding  distilled  water, 
mixing  and  refloccing  without  acid  or  base  additions.  Table  I  lists  the  Y2O3 
content  and  impurities  observed  in  this  powder  after  the  above  treatment. 

A  portion  of  the  flocced  slurry  was  redispersed  by  adding  HC1  to 
lower  the  pH  to  2.  This  portion  was  ball  milled  in  a  AlgOj  mill  for  16  h, 
poured  into  a  plastic  container,  and  immediately  reflocced  by  changing  the  pH 
to  7  with  NH3OH. 

Cylindrical  specimens  of  both  the  unmilled  and  milled  flocced  slur¬ 
ries  were  consolidated  by  filtration  (slip  casting  on  plaster).  After  drying, 
the  specimens  were  iso-pressed  at  350  MPa  and  then  sintered  at  1400°C  for 
1  h.  After  sintering,  all  specimens  were  diamond  ground  and  polished.  Dif¬ 
ferent  specimens  of  each  material  (viz,  unmilled  and  milled)  were  heat  treated 
for  1  h  at  temperatures  ranging  from  1350°C  to  1650°C.  Densities  were  deter¬ 
mined  by  the  Archimedes  method,  phases  were  determined  by  x-ray  diffraction 


Table  I 

Cation  Content*  of  Unmilled  Zr02  Powder 


Ca 

4000 

Hf 

2.1% 

P 

1180 

Si 

760 

Ti 

1000 

»2°3 

4.10%  (2.28  mole  %) 

*  Analyses  In  ppm  unless  otherwise  noted. 
Cations  <  500  ppm  not  shown. 

Courtesy  of  Teledyne,  Wah  Chang  Albany 


analysis  (XRD),  the  polished  and  heat  treated  surfaces  were  observed  with  the 
scanning  electron  microscope  (SEM),  the  hardness  (H)  and  critical  stress  in¬ 
tensity  factor  (Kc)  were  determined  as  a  function  of  heat  treatment  using  an 
indentation  technique^  (20  Kgm  load),  and  both  as-sintered  materials  were  ion 
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thinned  for  high  resolution  transmission  electron  microscopy  (TEM)  observa¬ 
tions.  After  observations  were  made  on  the  heat  treated  surfaces,  the  inte¬ 
rior  was  examined  with  the  SEM  after  diamond  grinding,  polishing  and  thermal 

etching  at  1350°C/1  h.  Different  heat  treated  specimens  were  heated  to  250°C 

_2 

for  periods  of  16  h  in  air  and  rough  vacuum  (10  Torr),  and  examined  by  XRD 
for  phase  content. 

3.  Results 

3.1  Density 

Previous  studies  have  shown  that  the  ZH^  (+  2.2  m/o  YgOj)  powder 
treated  and  consolidated  in  the  manner  outlined  above  could  be  sintered  at 
1400°C/1  h  to  achieve  a  density  >  98%  of  theoretical  (pt  *  6.07  gm/cm3)  with¬ 
out  the  iso-pressing  step.1  Preliminary  work  for  this  study  showed  that 
porous  materials  with  densities  <  5.50  gm/cnr  were  obtained  when  the  powders 
were  milled,  as  described  above,  before  consolidation.  Iso-pressing,  prior  to 
sintering,  was  used  to  help  remedy  this  situation.  Iso-pressing  increases  the 
bulk  density  of  the  dried  powder  compact  from  33%  to  48%  of  the  theoretical 
density.  This  observation  suggests  that  the  milled  powders  were  less  sinter- 
able  than  the  unmilled  powders. 

Densities  are  reported  in  Table  II  as  a  function  of  heat  treatment 
temperature.  A  density  of  >  98%  of  theoretical  (pt  =  6.07  g/cnf3)  could  be 
obtained  for  the  unmilled  powder  sintered  at  1400°C/1  h,  whereas  the  milled 
powder  resulted  in  a  significantly  lower  density.  SEM  observations  of  sec¬ 
tioned  and  polished  surfaces  of  milled  material  sintered  at  1400°C/1  h  did  not 
reveal  significant  porosity.  As  reported  in  the  subsequent  section,  the  mil¬ 
led  material  contained  a  small  amount  of  AlgOj  (<  1  v/o)  and  a  significant 
amount  of  a  glass.  Based  on  the  observations  of  the  Insignificant  porosity 
and  the  significant  glass  content.  It  was  concluded  that  the  glass  was  the 
principal  cause  for  the  lower  density.  Assuming  that  the  density  of  the  glass 
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3  3 

lies  between  2.2  gm/cm  and  3.5  gm/cm  ,  the  volume  fraction  of  the  glass  in 
the  milled  material  was  calculated*  to  lie  between  0.07  and  0.10. 
respectively. 

As  reported  in  Table  II,  the  density  of  both  materials  increased 
slightly  when  heat  treated  at  1450°C/1  h.  Heat  treatments  at  higher  tempera¬ 
tures  resulted  in  a  decrease  in  density,  which  was  more  pronounced  for  the 
milled  materials.  Since  all  heat  treated  specimens  were  presintered  at 
1400°C/1  h,  the  loss  of  density  at  heat  treatment  temperatures  >  1450°C  must 
be  caused  by  a  bloating  phenomenon,  i.e.,  the  release  of  a  high  pressure  gas. 
Observations  of  sectioned  and  polished  specimens  showed  the  development  of 
large,  spherical  pores  which  increased  in  size  with  heat  treatment  tempera¬ 
ture.  For  the  same  heat  treatment  temperature,  the  pores  were  larger  for  the 
milled  material.  Figure  1  illustrates  these  pores  for  the  milled  material 
heat  treated  at  1650°C/1  h.  Pores  were  not  observed  on  the  polished  and  heat 
treated  surfaces;  sectioning  showed  that  a  20  pm  to  30  pm  surface  layer  was 
pore-free. 


3.2  Phase  Content 

Figure  2  is  a  schematic  of  the  portion  of  the  unconstrained  ZrOg^Oj 
phase  diagram  of  interest  here.  Although  several  investigations  have  sug¬ 
gested  the  positions  of  the  various  phase  boundaries,3,4  their  exact  positions 
are  not  known  in  detail.  It  is  well  known  that  the  tetragonal  (t)  structure 
can  be  elastically  restrained  from  transforming  upon  cooling  to  room  tempera¬ 
ture  if  certain  conditions,  viz,  elastic  modules  of  constraining  matrix,  grain 
size  and  alloying  (e.g.,  Y203)  content  are  satisfied.5  The  tetragonal  phase 
is  the  toughening  agent  in  these  transformation  toughened  materials. 


-  ^specimen  ’  pZr02^ 

*  Volume  fraction  of  glass  *  -i - - 

rpglass  ’  pZr02 
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Only  the  t  phase  could  be  detected  in  the  as-sintered  materials.  The 
monoclinic  (m)  phase  was  never  observed  by  XRD  in  the  as-sintered  or  heat 
treated  materials  unless  their  surfaces  were  diamond  ground.  It  is  well  known 
that  surface  grinding  can  stress-induce  the  t  -*•  m  transformation.® 

As  reported  in  Table  II,  the  cubic  (c)  phase  was  observed  in  the  heat 
treated  materials.  For  the  ZrOg^t^  composition,  the  cubic  phase  can  be  dis¬ 
tinguished  by  XRD  by  diffraction  peaks  that  lie  between  tetragonal  (hkl)  peaks 
for  h,  k  *  1,  e.g.,  the  (311)  and  (113)  tetragonal  peaks.4  The  cubic  phase 
was  first  observed  at  1450°C  for  the  milled  material  and  at  1500°C  for  the  un¬ 
milled  material.  For  both  materials,  the  fraction  of  cubic  phase  increased 
with  heat  treatment  temperature.  The  occurrence  of  the  cubic  phase  is  consis¬ 
tent  with  the  phase  diagram  (Fig.  2)  which  shows  that  the  single  phase  tetra¬ 
gonal  initially  fabricated  at  lower  temperatures  will  decompose  into  two  new 
compositions  with  tetratonal  (t * )  and  cubic  (c)  structures,  respectively,  upon 
entering  the  two  phase  field.  Since  the  decomposition  of  the  initial  tetra¬ 
gonal  composition  requires  diffusion  of  Zr,  Y  and  0,  the  cubic  composition  can 
easily  be  retained  for  XRD  examination  upon  cooling  to  room  temperature. 

SEM  examination  of  the  milled  materials  also  revealed  large  A^Oj 
particles,  one  of  the  contaminants  introduced  during  milling,  as  shown  in  Fig. 
3.  The  AI2O3  particles  are  easily  observed  with  SEM  due  to  much  lower  atomic 
number  of  A1  relative  to  Zr. 

High  resolution  TEM  showed  that  both  unmilled  and  milled  materials 
contained  a  si 11  clous  glass  phase,  as  shown  In  light  and  dark  field  micro¬ 
graphs  in  Fig.  4.  The  dark  field  micrographs  were  obtained  by  imaging  the 
electrons  scattered  by  the  glass  which  enhances  the  contrast  between  the  glass 
and  crystalline  phases.  Milled  material  contained  large  pockets  of  glass, 
typical  of  Fig.  4b,  whereas  the  much  smaller  pockets  In  the  unmilled  material 
were  confined  to  three  and  four  grain  junctions,  typical  of  Fig.  4a.  Glass 
was  also  present  at  all  the  grain  boundaries  observed  in  the  milled  material 
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Table  I la 


Unmilled  Zr02  (2.3  m/o  Y203)  Material 


Heat  Treat 
Temp. 

(°C) 

Density 
( gm/cm3 ) 

Phases 

Grain  Size** 

(pm) 

H 

(GPa) 

Kc 

(MPa  .  m1'2) 

1350 

5.99 

t 

0.30 

11.7 

5.80 

(1400)* 

5.99 

t 

— 

-- 

-- 

1450 

6.07 

t 

0.31 

12.1 

5.80 

1500 

5.99 

t  +  c 

0.52 

12.0 

5.85 

1550 

5.97 

t  +  c 

0.58 

11.7 

5.88 

1600 

5.93 

t  +  c 

0.68 

11.6 

6.25 

1650 

5.85 

t  +  c 

11.2 

6.48 

(10.0)*** 

(6.68)*** 

Milled  Zr02 

(2.3  m/o  Y203) 

Material 

Heat  Treat 

Temp. 

Density 

Grain  Size** 

H 

K  *** 

(°C) 

( gm/cm3 ) 

Phases 

(pm) 

(GPa) 

(MPa  •  m1/2) 

1350 

5.76 

t 

0.29 

11.8 

(1400)* 

5.76 

t 

— 

— 

— 

1450 

5.81 

t  +  c 

0.34 

11.1 

5.85 

1500 

5.66 

t  +  c 

0.44 

1550 

5.54 

t  +  c 

9.5 

■■.nii.'l 

1600 

5.37 

t  +  c 

— 

8.7 

5.95 

1650 

5.25 

t  ♦  c 

-- 

7.8 

6.28 

*  No  heat  treatment. 

**  Smaller  grains  In  bimodal  distribution  only. 
***  Section  surface  measurements. 
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and  most  (if  not  all)  boundaries  in  the  unmilled  material.  Note  the  rounded 
grains  in  the  milled  material  (Fig.  4b)  indicative  of  a  large  liquid  content 
at  the  sintering  temperature,  relative  to  the  straighter  boundaries  in  the 
unmilled  material. 

Energy  dispersion  x-ray  analysis  (EDAX)  showed  that  Si,  A1  and  Y  were 
present  in  the  glass,  indicating  that  some  of  the  Y  diffused  from  the  Zr02  in¬ 
to  the  liquid  silicate  during  fabrication.  The  Zr02  in  the  milled  material 
was  also  observed  to  contain  a  detectable  amount  of  Al,  indicative  of  some  re¬ 
action  between  the  Zr02  and  A1203  or  glass  during  sintering. 

The  most  interesting  TEM  observation  concerned  differences  in  the 
strain  fields  between  the  two  materials.  The  unmilled  material  was  highly 
strained,  making  imaging  much  more  difficult  due  to  strain  contrast.  Much  of 
the  thin  foil  of  the  unmilled  material  had  disintegrated  due  to  the  t  m 
transformation  during  ion  milling.  Grain  boundary  cracks  were  frequently  ob¬ 
served  between  untransformed  t  grains  (see  arrow  in  Fig.  4a).  By  contrast, 
the  grains  in  the  milled  material  contained  smaller  strains  and  were  easier  to 
image.  This  observation  strongly  suggests  that  the  larger  amount  of  glass 
(viscous  liquid  at  higher  temperatures)  in  the  milled  material  relieves  much 
of  the  residual  stresses  developed  during  cooling  due  to  the  anisotropic  ther¬ 
mal  contraction  of  the  tetragonal  Zr02  grains. 

3.3  Grain  Growth 

The  grains  in  both  materials  sintered  at  1400°C/1  h,  sectioned,  pol¬ 
ished  and  thermally  etched  at  1350°C  were  nearly  Identical  in  average  size 
(0.3  pm)  and  had  a  relatively  narrow  size  distribution.  A  bimodal  distribu¬ 
tion  developed  at  higher  heat  treatment  temperatures.  The  development  of  the 
bimodal  distribution  (first  observed  at  1450°C  for  milled  material  and  1500°C 
for  unmilled  material)  was  much  more  pronounced  for  the  milled  material.  Fig¬ 
ure  5a  Illustrates  the  subtle  development  for  the  unmilled  material  between 
1450°C  to  1550°C,  and  in  Fig.  5b,  the  more  pronounced  development  for  the  mil¬ 
led  material  over  the  same  temperature  range.  At  the  highest  heat  treatment 
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temperature  (1650°C/1  h),  the  large  grains  (~  10  urn)  completely  covered  the 
surface  of  the  milled  material.  For  the  same  temperature,  the  bimodal  distri¬ 
bution  and  average  size  of  the  largest  grains  (~  5  ^m)  remained  the  same  as 
that  shown  in  Fig.  5a  at  1550°C.  Table  I  reports  the  average  size  of  the 
smaller  grains  within  the  bimodal  distribution  as  measured  by  the  line  inter¬ 
cept  method  without  correction  for  either  grain  volume  or  shape.  These  values 
may  be  overestimates,  since  pockets  of  smaller  grains  had  to  be  selected  that 
occasionally  contained  large  grains. 

Although  the  heat  treated  surfaces  of  the  two  materials  were  very 
different,  grain  size  and  distribution  of  sectioned  surfaces  thermally  etched 
at  1350°C/1  h  were  undistinguishable,  and  were  identical  to  that  of  the  un¬ 
milled  materials  shown  in  Fig.  5a.  The  pores  developed  at  higher  heat  treat¬ 
ment  temperatures  were  coordinated  by  larger  grains,  as  shown  in  Fig.  6. 

Another  reason  to  suspect  that  the  large  grains  are  cubic  is  the  fre¬ 
quent  observation  at  higher  temperatures  (>  1600°C)  that  smaller  grains  have 
been  Included  during  the  growth  of  larger  grains.  This  observation  is  shown 
in  Fig.  7  for  the  case  of  the  unmilled  material.  The  smaller  grains  (assumed 
to  be  the  tetragonal  phase)  are  also  located  at  three  (or  four)  grain  junc¬ 
tions,  strongly  suggesting  that  they  impede  the  growth  of  the  larger  cubic 
grains,  as  observed  for  the  other  two  phase  materials.7 

3.4  Fracture  Toughness  and  Hardness 

Fracture  toughness  (Kc)  measurements  were  made  as  a  function  of  heat 

treatment  temperature  to  determine  if  K  would  increase  with  grain  size,  as 

5  U 

suggested  by  theory,  and  measurements  on  other  forms  of  transformation  tough- 

Q 

ened  Zri^  materials.  Hardness  values  are  a  by-product  of  the  Indentation 
technique  used  to  measure*  Kc. 


*  This  technique  requires  knowledge  of  the  material's  elastic  modules,  which 
was  assumed  to  be  207  GPa  for  all  materials  regardless  of  density. 
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Indentation  measurements  were  made  on  the  outer  surfaces  of  the 
thermally  treated  unmilled  material  and  on  the  sectioned  surfaces  of  the  mil¬ 
led  material.  Average  values,  reported  in  Table  II,  indicate  that  the  frac¬ 
ture  toughness  of  the  two  as-sintered  materials  are  nearly  identical  (5.8  and 
6.0  MPa  •  m1^).  Kc  changed  little  (<  10%)  with  heat  treatment  temperature. 

Table  II  also  reports  that  the  hardness  (H),  measured  on  the  dense 
surface  (unmilled  material),  only  decreases  by  ~  8%  with  increasing  tempera¬ 
ture,  despite  the  increased  porosity  of  the  underlying  bulk  material.  The 
large  decrease  in  hardness  (~  35%)  for  measurements  of  the  sectioned,  milled 
material  more  strongly  reflects  the  increasing  porosity  with  heat  treatment 
temperature. 

3.5  Spontaneous  t  -*■  m  Transformation  at  250°C 

Kobayashi  et  al°  and  other  workers  in  Japan10,11  have  shown  that 
tetragonal  Zr02-Y203  compositions  can  undergo  a  spontaneous  t  ♦  m  transforma¬ 
tion  when  heat  treated  in  a  temperature  range  of  ~  200°C  to  ~  350°C.  This 
phenomenon  can  be  avoided  with  Y2O3  contents  >3.0  v/o  if  the  grain  size  is 
<0.5  urn.  Since  one  possible  explanation  of  this  degrading  phenomenon  could 
be  a  stress  corrosion  effect,  i.e.,  loss  of  constraint  by  slow  extension  of 
cracks  through  the  glass  phase,  experiments  were  initiated  to  study  this  phe¬ 
nomenon  with  the  two  materials  that  contain  quite  different  amounts  of  glass. 

Preliminary  experiments  were  carried  out  by  heat  treating  the  two 
materials  at  250°C  in  air  for  16  h.  Both  materials  exhibited  significant 
t  ♦  m  transformation  for  this  heat  treatment  condition,  as  determined  by  XRD 
analysis  of  the  surface.  To  determine  if  the  phenomenon  was  caused  by  a  re¬ 
action  with  the  environment,  a  second  set  of  specimens  were  heated  at  250°C  in 

O 

a  rough  vacuum  (10  Torr)  for  16  h.  For  this  condition,  a  trace  of  mono¬ 
clinic  was  detected  on  the  surface  of  the  milled  material,  whereas  it  was  not 
for  the  unmilled  material.  These  same  specimens  were  then  subjected  to  an  air 
environment  at  250°C/16  h,  resulting  in  a  significant  t  ♦  m  at  the  surface. 
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4.  Discussion 

As  expected,  milling  unavoidably  introduced  contaminants,  viz.  large 
AI2O3  inclusions,  and  a  large  fraction  of  glass.  For  the  Zr02  (+  2.3  m/o 
Y2O3)  studied,  the  contaminants  altered  sinterability,  bloating  behavior, 
phase  relations,  grain  growth  and  residual  stresses.  Although  not  studied, 
the  large  AI2O3  inclusions  can  also  be  considered  as  an  unwanted  flaw 
population. 

4.1  Si nterability 

The  decrease  in  sinterability  of  the  milled  material  was  surprizing, 
i.e.,  one  would  expect  the  larger  volume  fraction  of  silicate  liquid  to  in¬ 
crease  the  sinterability  of  Zr02.  The  authors  have  no  consistent  explanation 
of  this  observation. 

4.2  Bloating 

The  bloating  phenomenon,  which  must  be  caused  by  the  release  of  a 
high  pressure  gas,  was  accentuated  in  the  milled  material.  Here,  the  higher 
volume  fraction  of  the  viscous  silicate  will  allow  a  greater  deformation  rate 
during  gas  release,  a  shorter  period  for  pores  to  equilibrate  their  internal 
pressure  with  the  external  environment,  and  therefore  larger  pores  which  re¬ 
sult  in  a  greater  loss  in  density.  A  possible  cause  for  the  bloating  phenom¬ 
enon  will  be  discussed  below. 

4.3  Phase  Relations 

As  reported,  the  cubic  structure  was  first  detected  in  the  milled 
material  at  a  temperature  50°C  lower  than  for  the  unmilled  material.  That  is, 
the  milled  material  crossed  Into  the  two  phase  (t'  +  c)  region  at  a  lower  tem¬ 
perature  relative  to  the  unmilled  material.  A  limited  A1  solid-solubility  was 
observed  In  the  milled  (AloO*  contaminated)  material.  If  the  limited  solid- 

4.0  ‘  J  +■* 

solubility  of  A1  has  a  similar  effect  as  1  in  the  Zrt^  structures,  the 
milled  material  would  contain  a  greater  equivalent  amount  of  Y2O3  (i.e.,  Y+3  + 
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A1+^).  The  net  effect  of  both  Y+^  and  A1+^  would  cause  the  milled  material  to 
cross  into  the  two  phase  region  at  a  lower  temperature  relative  to  the  Al- 
free,  unmilled  material. 

4.4  Grain  Growth 

Grain  growth  in  both  materials  was  initiated  by  the  occurrence  of  ab¬ 
normally  large  grains.  This  occurrence  coincided  with  observation  of  the 
cubic  phase,  strongly  suggesting  that  the  larger  grains  are  the  cubic  phase, 
which  will  be  the  hypothesis  used  to  discuss  the  grain  growth  phenomena. 

One  should  first  remember  that  the  equilibrium  partitioning  of  the 
original  tetragonal  (t)  phase  into  the  t'  and  c  phases  requires  the  interdif¬ 
fusion  of  all  atomic  species  (viz,  Zr,  Y (A1 )  and  0).  That  is,  the  new  tetra¬ 
gonal  phase  ( t * )  Is  enriched  with  Zr  and  0  and  depleted  of  Y,  whereas  the  new 
cubic  phase  is  enriched  with  Y  and  depleted  of  Zr  and  0.  Second,  the  nuclea- 
tion  and  the  growth  of  cubic  grains  are  driven  by  a  chemical  energy  free 
change  (phase  partitioning);  usual  grain  growth  Is  driven  by  a  surface  free 
energy  change  (i.e.,  eliminating  grain  boundaries). 

The  heterogeneous  nucleation  and  growth  of  the  presumably  larger 
cubic  grains  suggests  that  chemical  equilibrium  was  not  maintained  during 
phase  partitioning,  as  expected  if  the  cubic  phase  were  to  precipitate  within 
the  tetragonal  grains  (or  at  grain  boundaries).  Thus,  heterogeneous  growth  of 
the  cubic  phase  suggests  that  stoichiometry  is  not  maintained  during  the 
growth  of  the  cubic  phase.  Since  the  cubic  phase  must  reject  oxygen  during 
growth,  which  may  not  be  totally  absorbed  by  surrounding  tetragonal  grains  due 
to  the  slower  mobility  of  the  Zr  and  Y,  one  could  expect  oxygen  to  be  liber¬ 
ated  during  the  observed  phase  partitioning.  (It  should  be  noted  that  pure 
Zr02  spontaneously  loses  oxygen  In  low  oxygen  partial  pressure  environments,12 
e.g.,  vacuum.)  One  might,  therefore,  expect  to  observe  a  predominance  of 
larger  cubic  grains  at  free  surfaces  and  the  formation  of  voids.  This  argument 
is  certainly  speculative,  but  consistent  with  the  observed  facts. 
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4.5  Residual  Stresses 

Residual  stresses  that  arise  during  cooling  by  thermal  contraction 
anisotropy  can  produce  microcracking,  either  during  cooling  itself  or  upon 
subsequent  tensile  stressing.  The  magnitude  of  these  residual  stresses  not 
only  depend  on  the  coefficient  of  differential  thermal  contraction,  but  also 
on  stress  relaxation  phenomena.  It  is  quite  obvious  that  the  large  glass 
content  in  the  milled  material  beneficially  relaxes  residual  stresses  during 
cooling.  This  observation  has  many  implications  with  regard  to  engineering 
with  stronger  and  more  wear-resistant  ceramics  for  lower  temperature  use. 

4.6  Fracture  Toughness  and  Hardness 

Both  Kc  and  H  were  nearly  identical  for  the  two  as-sintered  mate¬ 
rials,  suggesting  that  the  larger  glass  content  in  the  milled  material  has 
little  or  no  effect  on  these  properties. 

The  size  of  the  tetragonal  grains,  presumed  to  be  the  smaller  grains 
in  the  bi modal  distribution,  on  Kc  is  unclear.  Kc  does  increase  at  the  higher 
heat  treatment  temperatures,  but  the  complexity  of  the  microstructural 
changes,  viz,  grain  size  and  phase  composition  and  the  unaccounted  changes  in 
elastic  modulus  used  for  the  Kc  calculation  preclude  any  direct  correlation  at 
the  present. 

4.7  Transformation  at  250 aC 

Since  both  materials  contained  a  glass  phase,  the  effect  of  the  glass 
on  the  low  temperature  (250°C)  t  ■*  m  transformation  phenomenon  (e.g.,  as 
through  a  stress  corrosion  mechanism)  is  still  unclear.  Certainly,  the  re¬ 
sults  show  that  the  much  larger  glass  content  in  the  milled  material  did  not 
significantly  Influence  this  transformation  phenomenon.  The  experiments  did 
show  that  the  air  environment  Is  a  major  factor,  and  further  experiments  are 
needed  to  Isolate  the  particular  reactant  (or  catalysis)  in  the  air  that 
triggers  this  unwanted  transformation  phenomenon. 
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Fig.  3  Distribution  of  A1203  grains  introduced  during  milling. 
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a)  Unmi lied,  sintered  ZrO£  (+  2.3  m/o  Y2O3)  material  (arrow  points  to 
crack),  b)  milled,  sintered  ZrO?  (  +  2.3  m/o  Y?03).  Both  a)  and  b)  show 
light  and  dark  field  images  to  indicate  glass; 


*lj  1 4  50°  C 


Fig.  5  Grain  structures  of  polished  and  heat  treated  materials.  Left  column: 

milled  material  (dark  grains  are  AlgOj);  right  column:  unmilled  material 


71 


Rockwell  International 

Sconce  Center 


SC5295.3AR 


Fig.  6  Void  produced  by  bloating  In  milled  material  showing  larger 
coordination  grains. 
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Fig.  7  Grain  structure  of  unmilled  material  (heat  treated  at  1650°C/1  h) 
showing  included  smaller  grain. 


